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Metamaterial is an array of subwavelength structures that are engineered to 
achieve desired material properties for a given spectral range. One of the impactful 
advancement enabled by metamaterial is the efficient manipulation of terahertz 
(THz) waves and the realization of numerous interesting properties in this spectral 
range, where the naturally occurring materials are minimally responsive.  Active 
control of metamaterial response is critical for the realization of THz functional 
devices. Structural reconfiguration of unit cell geometry provides the most 
straightforward and efficient means of achieving active control of THz response.  
Microelectromechanical systems (MEMS) based structurally reconfigurable 
microactuators integrated into metamaterial unit cell geometry is ideal approach for 
the realization of tunable THz metamaterials. 
 In this thesis, electrically controlled, out-of-plane reconfigurable 
microcantilever is demonstrated as a building block for the realization of advanced 
functionalities in THz spectral region. Array of subwavelength sized 
microcantilevers were designed, fabricated and experimentally characterized as 
reconfigurable THz metamaterial. Electrostatic actuation is used to provide the 
physical reconfiguration for microcantilevers in out-of-plane direction to 
dynamically control the transmission response of the metamaterial, operating in 
THz spectral range. Simple design, electrical control and large switching contrast 
make the microcantilever metamaterial (MCMM) to be the ideal candidate for THz 
ix 
 
digital metamaterials. Digital metamaterials are interesting for applications, such 
as beam steering, angle-dependent transmission control and spectroscopy. 
The out-of-plane deformation allows for the integration of microcantilevers 
into various geometries of unit cell design.  This freedom in placement of out-of-
plane reconfigurable metamaterials is critical for the realization of interesting THz 
polarimetric functionalities, that are inaccessible to the in-plane reconfigurable 
counterparts. MCMM with microcantilevers placed in a rotationally symmetric 
fashion in an octagon ring is experimentally demonstrated to provide polarization 
independent, simulations switching of dual resonance modes. Alternatively, 
complete switching of THz anisotropy was achieved in MCMM by isolating the 
control of two orthogonally placed microcantilevers. These advanced polarimetric 
functionalities are critical for the development of tunable THz wave plates, beam 
splitters and isolators.   
 Near-field coupled resonators offers interesting functionalities, such as slow 
light and non-linearity in desired spectral range. These properties are important for 
the realization of optical buffers, optical storage and bandwidth tunable 
communication channels operating in THz spectral range.  Microcantilevers 
integrated into near-field coupled resonators were used to realize highly efficient 
tunable THz slow light devices. Conductively coupled resonators with 
reconfigurable dark resonator, provided a measured modulation of 50% of 
electromagnetically induced transparency (EIT) analogue and tunable delay of ~2.5 
ps THz pulse. Microcantilevers integrated into inductively coupled resonator with 
independent control of bright and dark mode resonators were experimentally 
x 
 
explored to actively control the both EIT intensity and spectral tuning by selectively 
reconfiguring either the bright or dark mode, respectively. 
Enhancement in controllability is explored as a whole new dimensionality 
to achieve multifunctional THz metamaterials. The interpixelated MCMM is a 
generic design approach that can be adopted for realizing independent control of 
multiple functionalities in a single metamaterial. As proof-of-concept, independent 
control of magnetic and electrical resonance in the single metamaterials is 
experimentally reported by placing split ring resonators and electrical split ring 
resonators into a single super cell with isolated electrical connection. In the future, 
controllability at unit cell level will enable the realization of “Programmable THz 
metamaterial”.  The programmable metamaterial is a highly disruptive technology, 
as this metamaterial can be dynamically transformed into a tunable filter, spatial 
modulator, gradient metamaterial or even a random metamaterial. 
The MCMM explored in this thesis is highly versatile, electrically 
controlled, fabricated using scalable technology, miniaturized size, easily 
integrated with ASICs with improved electro-optic performance. Hence, we believe 
that the proposed microcantilever based technological platform is one of the most 
promising approach for the realization of wide range of high-performance THz 
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Humans have always been fascinated with light and found various ways to 
manipulate it, to achieve interesting applications that has transformed life in 
unimaginable ways. The electromagnetic (EM) waves are alternatively oscillating 
electric and magnetic fields, propagating in the perpendicular direction with the 
speed of ~ 3x108 m/s in vacuum, which defines the universal speed limit. Within 
this spectrum lie the terahertz (THz) waves in between the longer wavelength 
microwaves and high-energy infrared spectral regions as shown in Figure 1.1.  
 
Figure 1.1: The electromagnetic Spectrum.[1]  
 
THz waves combine the advantages of both neighboring spectral region and 
enable numerous interesting applications as shown in Figure 1.2.[2] The low 
photon energy of THz waves do not ionize biological cells and are safer alternative 
for biomedical imaging and security screening.[3-5] In astrophysics and earth 




Figure 1.2: Potential applications in THz spectral region.[1-11] 
 
amenable to THz band.[5, 9] In fact, the universe is bathed in THz energy with 
most of it remaining unnoticed and undetected. THz waves are strongly absorbed 
by water, but can penetrate through most dielectrics and intrinsic 
semiconductors.[12] Hence, THz radiation is ideal for non-invasive testing of 
multilayer dielectric stacks for quality control [13] and security screening of 
concealed substances behind plastics, cardboard, paper and textiles.[6-8, 14] Since 
the spectral bandwidth of pulsed THz waves can be of the order of several hundred 
percent, (compared to the center frequency), THz waves is a promising candidate 
for short-distance wireless data transmission at high bit rates.[10, 11]  
The major hindrance to the realization of THz applications is caused due to 
the lack of efficient THz components, such as sources, detectors, modulators, 
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waveguides and filters. The electronic components used for manipulating 
microwaves cannot be scaled to operate at frequencies reaching higher THz, owing 
to the limited response time of electronic devices. High-speed electronic 
components such as, high electron mobility transistors (HEMT), are reported for 
the control of sub-THz waves up to 0.3 THz, which leaves the major part of the 
THz spectrum inaccessible.[11] On the other hand, conventional transmissive 
optical materials from which lenses or other traditional optical devices are made 
typically suffer high-loss when operating at the THz range. Therefore, conventional 
photonic devices are also not suitable. The THz spectral region between 0.3 – 3 
THz, which is left inaccessible between the realms of electronics and photonics, is 
commonly known as the “THz gap”. Hence, the need for efficient devices for 
interacting with THz waves is inevitable for the realization of largely unexplored 
THz applications in security screening, medical imaging, wireless communications, 
non-destructive evaluation and chemical identification.  
1.2 Electromagnetic Metamaterials 
Artificially engineered materials termed as “metamaterials” have been 
reported to achieve efficient manipulation of EM waves over a wide range spectral 
range. Metamaterial is an array of subwavelength structures with EM properties 
that are determined as a collective behavior of the unit cell geometry.[15] The unit 
cell structure is analogous to atom in a material and here it is termed as “meta-
atom”. The meta-atom geometry can be engineered to achieve specific values of 
the optical constants i.e. effective permittivity (εeff) and effective permeability 
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(µeff).[16, 17] Furthermore, the operational spectral region can be scaled with meta-
atom size and this has led to the demonstration of numerous interesting EM 
properties such as artificial magnetism,[15, 18, 19] negative refractive index,[20-
22] super focusing,[23, 24] wavelength selective absorption,[25-30] slow light 
behavior,[31-37] and chirality,[38-43]. The biggest strength of metamaterial lies in 
this extreme scalability of the properties in terms of the operational spectral range. 
Thus, the advent of metamaterial has greatly helped in bridging the so called THz 
gap over the past decade and has been perceived as the most promising solution for 
the efficient control of THz waves.[44] 
In order to realize efficient THz devices, active control of metamaterial 
response to incident THz wave is highly desired. These metamaterials are popularly 
termed as “tunable THz metamaterials”. Conventionally, tunable THz 
metamaterials are demonstrated by integrating active materials that are responsive 
to external stimulus as the substrate, surrounding medium or as a part of unit cell 
geometry. By controlling the properties of the active material inclusion, the 
electrical equivalent parameters, such as the effective inductance or capacitance is 
varied, thereby varying the effective response of the metamaterial with respect to 
the external stimulus. Some of the widely reported tunable THz metamaterials 
utilize optically pumped photoconductive materials, [45-53] electrically controlled 
refractive index of liquid crystals,[54-56] biasing of doped semiconductor devices, 
[57-60] or graphene, [61-63], electrically controlled phase change in chalcogenide 
materials [64], thermally controlled refractive index of materials[65-68]  or 
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conductivity control in phase change materials[69-72] or magnetically controlled 
active materials [73-75].   
The wide range of possible approaches have enabled the experimental 
demonstration of active control of numerous THz properties, such as magnetic 
resonance [45, 66, 73, 75], electrical resonance [45, 46, 57], chirality [42, 48], 
absorption [54, 71, 76], and near-field coupling in resonators [51-53, 77]. However, 
the use of active material hinders the spectral scalability of metamaterials, owing 
to the frequency-dependent material properties of naturally occurring active 
materials. Additionally, some of the approaches demands for exotic materials that 
are difficult to process and require bulky setups for providing the external signals 
and control environments, thereby making them not very attractive for miniaturized 
THz systems.   
Since the metamaterial properties are primarily determined by the unit cell 
geometry, the most straightforward way to achieve active tunability will be to 
change the geometrical parameters of the unit cell. The structural reconfiguration 
of µm-scale features of unit cell geometry can be enabled by the 
microelectromechanical systems (MEMS) technology. Currently, MEMS 
technology has been used in numerous commercial applications, that were achieved 
through continuous research and development of various types of miniaturized 
sensors and actuators over the past 40+ years. This advancement in MEMS offers 
a wide palette of actuators to enable both in-plane and out-of-plane reconfigurations 
with varying performance characteristics that could be chosen based on the 
application need. The in-plane reconfigurable metamaterials based on electrostatic 
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comb drive have been explored over the past few years with improved electro-optic 
performance compared to active material control approach.[78-84]  However, the 
alternative realm of integrating the out-of-plane reconfigurable actuators for active 
reconfiguration of THz metamaterials is largely unexplored. 
1.3 Scope and organization of thesis 
This thesis is aimed at developing an out-of-plane deformable MEMS based 
technological platform for active reconfiguration of metamaterial geometry 
operating in THz spectral region. The overarching objective of THz applications is 
to realize highly miniaturized THz devices with improved electro-optic 
performance. The research work conducted for this thesis utilizes electrostatically 
controlled out-of-plane reconfigurable microcantilever as a technological platform 
to develop various THz functional devices for advanced manipulation of THz 
waves. These THz devices will enable numerous applications in future in the area 
of high-speed wireless communication, security systems, remote sensing and 
astronomy. If any technology has to be commercialized, it is important to make the 
technology scalable to take advantage of economies of scale leading to low cost of 
the devices. The research conducted also focused on materials and fabrication 
techniques that are compatible with the complementary metal-oxide-semiconductor 
(CMOS) process used in commercial semiconductor foundries. The organization of 
the thesis as per research work conducted is explained hereafter. 
To start with, a comprehensive review of tunable THz metamaterials using 
active materials and MEMS-based structurally reconfigurable microactuators 
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approaches are elaborated. As the focus of this thesis is using the MEMS approach 
to design and develop actively controlled THz metamaterials, special attention has 
been paid to the MEMS reconfigurable metamaterials (MRM). Reports of various 
types of MRMs are elaborately presented.   
Chapter 2 discusses the detailed electromagnetic and electromechanical 
design principle of the microcantilever as an active element for the efficient 
manipulation of THz waves. The fabrication process flow for the realization of the 
out-of-plane deformed microcantilever is described. The electromechanical 
characterization setup is explained in detail along with the measurement result of 
the fabricated microcantilevers. Finally, the THz transmission measurement setup 
is described comprehensively and the response of fabricated microcantilever 
metamaterial is characterized in different reconfiguration states. Finally, the 
electro-optic performance of the fabricated metamaterial is presented.  
Chapter 3 describes the integration of microcantilever as active element for 
the realization of advanced THz polarimetric functionalities. An eight beam 
octagon shaped metamaterial is designed, fabricated and experimentally 
characterized for polarization insensitive, dual resonance switching in MRMs. The 
design optimization is presented for enhanced switching contrast in these 
metamaterials. Alternatively, metamaterial design with four cantilevers with 
isolated control is explored for complete switching of THz anisotropy in MRMs.   
Chapter 4 describes the integration of microcantilever active elements for 
controlled slow light THz devices. Firstly, microcantilever integrated into the 
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conductively coupled resonators showing active modulation of electromagnetically 
induced transparency (EIT) analogue is experimentally demonstrated. Furthermore, 
independently reconfigurable bright and dark mode resonators is reported for 
advanced manipulation of near-field coupling in THz metamaterials. The selective 
reconfiguration capability of the fabricated metamaterial to achieve both active EIT 
modulation and EIT spectral tuning is presented. 
Chapter 5 describes the novel concept of multifunctional THz metamaterial, 
where a single metamaterial can provide active control over multiple functionalities 
independently. The proof-of-concept demonstration using electrically isolated split 
ring resonators and electric split ring resonators for independent control of magnetic 
and electrical resonance in a metamaterial is elaborated. The enhancement in 
controllability in the metamaterial will enable control at the level of subarray, row, 
column, or unit cell. In the ultimate form, where each of the unit cells is 
independently addressable, the final state of the metamaterial can be reconfigured 
by programming the control signals to each unit cell and hence paves way for the 
realization of THz programmable metamaterial. The programmable metamaterial 
can be dynamically reconfigured to be a tunable filter, spatial light modulator, 
gradient metamaterial or even a random metamaterial. 
Chapter 6 concludes the thesis with key findings and developments in the 
area of actively tunable THz metamaterials using out-of-plane reconfigurable 
microcantilevers. It also proposes the future work which will be conducted to 
complement and continue the research to develop novel and efficient THz devices. 
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1.4 Overview of tunable terahertz metamaterials 
The metamaterial field took a surge when Pendry et al. proposed the possible 
design for the non-magnetic material exhibiting the negative effective permeability 
(µ<0) at gigahertz (GHz) spectrum.[15] The idea of achieving material properties 
based on structural geometry kindled renewed research interest in the field of light-
matter interaction.  SRR is the most fundamental and commonly used metamaterial 
structure that consists of an electrically conductive metallic loop with a small gap 
at one side of the ring as shown in Figure 1.3(a). The resonant properties of the 
SRR are determined by its size and the orientation of the gap with respect to the 
incident electric fields.[85, 86] The metamaterial resonance is analogous to the 
simple LC (inductive-capacitive)-oscillator model as shown in Figure 1.3(b), 
where the loop of SRR provides the self-inductance (Leff) and the SRR gap gives 
the effective capacitance (Ceff) in the system. Thus, the fundamental resonance 
mode of the SRR is termed as the LC mode resonance. Since the resonance of the 
metamaterial depends on the size and shape of the SRR unit cell, it helps to design 
 
Figure 1.3: Schematic representation of (a) split ring resonator and (b) its electrical 




the metamaterial for any desired spectral range. Our interest lies in the resonance 
properties of these metamaterials at terahertz frequencies (f = 0.3 - 3 THz / λ = 100 
- 1000 µm) of the electromagnetic spectrum.  
Interestingly, the resonance behavior of the metamaterial can be actively 
controlled by either changing its effective capacitance, inductance or the 
surrounding medium.  Two broad classes of active controlled THz metamaterials 
are demonstrated - (1) using active materials inclusions that are integrated into 
metamaterial resonators or using active materials as surrounding medium and (2) 
through structural reconfiguration of unit cell geometry. Tunability in metamaterial 
is critical for the realization of THz functional devices, such as electro-optic 
switches, tunable filters and modulators. In this section, a brief review of actively 
controlled THz metamaterial using active materials is provided, and a more 
comprehensive review is made for structurally reconfigurable THz metamaterials 
as it is the major focus of the thesis.   
1.4.1 Tunable THz metamaterial using active materials 
The use of active materials into metamaterial is a widely used approach for 
active control of THz response. Various materials and different control mechanisms 
have been reported for realization of tunable THz metamaterials. The active 
materials are usually used as the substrate or surrounding medium or as inclusion 
at selective portions of the metamaterial unit cell geometry. Optically pumping of 
photoconductive materials, such as gallium arsenide (GaAs) or silicon (Si), are 
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widely used, either as substrate or part of unit cell geometry for active control of 
metamaterial response in THz frequencies.[45-47, 52, 76, 87, 88] Optical pumping 
enables ultrafast modulation of even multiple resonances simultaneously, by 
increasing the conductivity of active elements, which is placed in capacitive split 
gaps of the unit cell as shown in Figure 1.4(a). [89]  
Thermally responsive materials, such as Strontium titanate (STO), that can 
double the refractive index with temperature change are readily used as dielectric 
metamaterial resonators [67] or as substrate [68] to host the metallic metamaterial 
pattern, whose responses can then be altered with external thermal stimulus as  
 
Figure 1.4: Demonstration of active control of THz metamaterial response using - 
(a) optically pumped photoconductive semiconductor,[89] (b) thermally controlled 
refractive index of STO[67] (c) magnetically controlled refractive index of liquid 
crystal,[75] (d) electrical biasing of semiconductor junction,[57] electrical biasing 
of graphene[61] and (f) voltage control of refractive index of liquid crystals.[54]  
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shown in Figure 1.4(b). Thermally responsive phase change materials, such as 
vanadium oxide (VO2), integrated into metamaterial geometry, are explored for 
abrupt switching behavior of THz response. [70, 72, 90] Also, superconductors 
used as metamaterial resonators to enable low loss characteristics at cryogenic 
temperature shows resonance damping with increase in temperature, owing to the 
reduced conductivity of superconductors at an elevated temperature.[91, 92] 
Alternatively, superconducting THz metamaterial made of Niobium (Nb) magnetic 
thin film has been reported to achieve active modulation of resonance for applied 
magnetic field as shown in Figure 1.4(c). [75] However, the metamaterial was also 
responsive to temperature change, owing to the change in superconducting 
properties.[75]  
Electrical control for the realization of active control of THz properties in 
metamaterials is ideal for applications desiring miniaturized devices. Electrical 
biasing of doped semiconductor layer formed across the split gap of unit cell 
geometry is reported to achieve ultrafast modulation of THz response as shown in 
Figure 1.4(d). [57, 60]  Alternatively, gate controlled graphene structures are also 
reported for the efficient modulation of THz waves as shown in Figure 1.4(e). 
Voltage controlled refractive index change in liquid crystal is also reported for 
metamaterial resonance modulation as shown in Figure 1.4(f).[56] More 
interestingly, isolated control of sub-array of metamaterial absorber, using 
electrically responsive liquid crystals was demonstrated as spatial light modulator, 
which was then used as the key component in the realization of single pixel THz 
imaging. [54, 55, 93, 94] 
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Active control of THz properties in metamaterial using responsive material 
is not highly scalable, owing to the frequency-dependent material properties of 
naturally occurring active materials. Some of the approaches demand for exotic 
materials that are difficult to process and require bulky setups for providing the 
control signals, thereby making them not attractive for miniaturized THz systems. 
1.4.2 Structurally reconfigurable THz metamaterials 
As the properties of the metamaterials are determined by the unit cell 
geometry, active reconfiguration of the geometry will be the most straightforward 
and efficient way of realizing actively tunable metamaterials in THz spectral 
region. The advancement in the design and fabrication techniques in the realization 
of microelectromechanical systems (MEMS) has greatly aided the direct 
integration of MEMS actuators into metamaterial unit cell geometry to achieve 
reconfiguration in microscale. The size of microactuators and their electro-
mechanical performance perfectly complement the THz metamaterial unit cell size 
and desired tunable EM properties.  The MEMS actuators are realized using 
micromachining process and hence can be easily integrated with metamaterial unit 
cell and the metamaterial as such can be integrated with application specific 
integrated circuits (ASIC) that can provide control signals on demand, thereby 
making the entire system to be highly miniaturized. The versatility of 
microactuators with respect to actuation direction and displacement range has 
enabled the demonstration of different classes of actively reconfigurable 




The reported MEMS reconfigurable metamaterials (MRMs) are classified 
into two categories based on the direction of reconfiguration as in-plane and out-
of-plane reconfigurable metamaterials. In the following sub-sections, 
comprehensive review of both in-plane and out-of-plane MRMs reported for THz 
spectral region are presented.   
1.4.2.1 In-plane reconfigurable THz metamaterials 
For in-plane MRMs, the direction of reconfiguration is in the same plane as 
the metamaterial unit cell patterns. Hence, for the normally incident THz waves, 
the in-plane reconfiguration will allow for dynamic reshaping of the unit cell along 
any single in-plane direction. Various actuators are explored for providing such in-
plane reconfiguration in THz metamaterials.  
(a) Electrostatic comb drive based in-plane MRMs 
Electrostatic comb drive is one of the most popular MEMS actuators to 
provide in-plane reconfiguration and can be readily realized through Si surface 
micromachining process. Comb drive actuator is formed by placing two sets of 
electrode in an interdigitated fashion with a considerable lateral overlap between 
them. When voltage is applied across the electrodes, the movable set of electrodes 
will slide alongside the fixed counterpart, thereby providing in-plane actuation. 
Hence metamaterial patterns placed on the movable part can be displaced laterally 
with respect to the fixed part of the metamaterial pattern. In the first demonstration, 
two split rings - one on movable electrode and other on fixed electrode was 
fabricated and up on applying voltage, the split rings were able to be reshaped into 
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one of three shapes as shown in Figure 1.5.[78] When there is a gap between the 
split rings, magnetic resonance was excited, which was then completely switched 
by bringing the two split rings to be in contact each other either along the front or 
back side, which would form closed ring or “I” shaped structures.   
Following the initial work, active control of various THz properties was 
realized by integrating comb drive actuators into various shapes of metamaterial 
geometry. Active switching of THz anisotropy was demonstrated by active making 
and breaking of symmetry in maltase cross structure along on the in-plane direction 
as shown in Figure 1.6(a).[81] Active switching of metamaterial response from 
polarization dependent to polarization independent was demonstrated through 
active reconfiguration of lattice constant in in-plane MRMs as shown in Figure 
1.6(b).[79]  THz polarizer was realized using actively reconfiguring the direction 
 
Figure 1.5: (a) Fabricated MEMS reconfigurable metamaterial enabled through in-
plane movable electrostatic comb drive actuator, (b) The metamaterial unit cell in 
open ring state, and (c) magnetic resonance switching at different reconfiguration 




Figure 1.6: Active control of different THz properties enabled by in-plane 
reconfigurable electrostatic comb drive actuators - (a) tunable anisotropy by 
symmetry breaking in maltase cross structure,[81] (b) Linear polarization response 
switching by controlling the lattice constant of metamaterial,[79] (c) tunable 
polarizers by changing the direction of stair shape in MRM [83] and (d) tunable 
broadside coupling in bilayer resonators.[84]  
 
of stair between up and down states. Based on the stair direction, the ellipticity of 
the metamaterial was altered from +0.5 to -0.5 at 3.18 THz as shown in Figure 
1.6(c).[83] Recently, comb-drive actuator was integrated SRR metamaterial, which 
was then bonded closely to a substrate with fixed SRR. The comb drive actuators 
was then used to laterally shift the relative overlap position between the two 
broadside coupled SRR layers, which enabled the active control of coupling 
dynamics and the THz transmission spectra as shown in Figure 1.6(d).[84] 
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(b) Electroactive polymer actuator based in-plane MRM  
In-plane reconfiguration of one of the broadside coupled resonator systems 
was reported by integrating linear actuators based on π-conjugated polymers. 
Reversible mechanical deformation is realized through electrochemical 
reduction/oxidation (redox) reaction, in which doped ions move into or out of the 
π-conjugated polymer by applying and reversing voltages.[95] A pair of 
complementary eSRRs are coupled along the broadside and when one of the 
resonator layer was laterally shifted, red shift in resonant frequency of the near-
field coupled metamaterial layers was experimentally achieved as shown in Figure 
1.7. When the applied voltage is turned off, the system was recovered to its initial 
state.  
 
Figure 1.7: Schematics of (a) CESRR metamaterial unit cell geometry, (b) two-
layer broadside coupled resonator system and (c) in-plane movable top CESRR 
layer integrated with electroactive linear actuators coupled with bottom fixed 
CESRR. (d) Measured THz transmission at different applied voltage and (e) Optical 
microscope (OM) shows the metamaterial showing no shift at 0 V and laterally shift 
layers at 1.5 V.[95] 
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(c) Thermally reconfigurable in-plane MRM 
The most popular thermal actuator for in-plane reconfiguration is the ‘V’ 
shaped actuators. The actuator is formed by a fixed-fixed beam with a small pre-
bent at the mid-point to form the ‘V’ shape. When the temperature of the beam is 
increased by passing current, the expansion in the material will cause the beam to 
move along the direction in which the midpoint is initially displaced. The actuators 
are integrated into SRR unit cells for continuous tuning of magnetic resonance as 
shown in Figure 1.8. Thermal actuators provide large displacement, that enables 
large tunable range, but also requires high operational power.  
 
Figure 1.8: (a) Schematics of proposed thermally actuated ‘V’ shaped actuator for 
in-plane reconfiguration of SRR resonance, (b) close up view of the split gap of 
SRR that can be actively controlled, (c) Simulated displacement for varying DC 
voltage for proposed ‘V’ shaped thermal actuator, and (d) simulated transmission 
spectra of the MRM with varying gap between the split gap of SRR and in-plane 




(d) Piezoelectric actuators based in-plane reconfigurable MRM 
Piezoelectricity is the property of a material to produce strain when a 
potential difference is applied across them. A piezoelectric material, shaped in a 
rectangle form and anchored at one side can be considered as a voltage-driven 
actuator. By hosting two split ring resonators on in-plane movable piezoelectric 
actuators, the gap between them can be varied and allows for resonance frequency 
tuning. The positive and negative actuation direction provided by the piezoelectric 
actuation by alternating the voltage value, allows for the red or blue shift in 
resonance based on the polarity of applied voltage as shown in Figure 1.9. 
 
Figure 1.9: (a) Schematics of proposed piezoelectrically reconfigurable 
metamaterial unit cell, (b) in-plane MRM unit cell will actuator suspensions, (c) 
Simulated displacement for varying voltage for proposed piezoelectric actuator, 
and (d) simulated transmission spectra of the bi-direction reconfigurable 
metamaterial with varying gap between the split gap of SRRs.[97] 
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(e) Mechanically in-plane reconfigurable MRMs 
This class of in-plane reconfigurable metamaterials takes advantage of the 
flexible and stretchable nature of certain polymers, on which the metamaterial 
patterns are fabricated. The metamaterial patterns fabricated on bendable 
polyethylene terephthalate (PET) substrate was then rolled to form a hollow tube 
and it was seen that depending upon the diameter and the material inside the tube, 
the resonance frequency of SRRs shifts strongly as shown in Figure 1.10. [98]   
 
 Figure 1.10: (a) Fabricated THz metamaterial tube, (b) measured THz transmission 
spectra of the tube with varying radius of curvature and (c) Resonance frequency 
shift of THz waves travelling along the inside of the tube with respect to hollow 
tube diameter change and different filling materials. [98] 
 
Alternatively, near-field coupled “I” shaped resonators were fabricated on 
PDMS substrate, which is highly stretchable. The fabricated metamaterial was 
placed in a strain providing setup and as the strain was increased, the coupling 
between the resonators decreased, thereby causing blue shift in the resonance 
frequency. The tuning range was further improved by using corrugated structure to 
enlarge the coupling region between the resonators as shown in Figure 1.11. The 
response of metamaterial is fully recoverable in repeated stretching cycles after an 
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initial priming cycle. From an alternative perspective, this device was characterized 
as strain sensors along dual directional sensing, where the resonance frequency can 
be calibrated to the strain applied.[99, 100] 
 
Figure 1.11: (a) Fabricated stretchable in-plane coupled metamaterial with inset 
showing two patterns - “I” shaped and “I” shaped with corrugated edges. (B0 
Shows the physical change in coupling distance between the resonators under 0 
strain and increased strain. Measured transmission spectra at varying strain of the 
metamaterial formed with (c) “I” shaped patterns and (d) “I” shape with corrugated 
edges. [99] 
 
1.4.2.2 Out-of-plane reconfigurable THz metamaterials 
 The alternative class of MRMs is the out-of-plane reconfigurable 
metamaterials, in which the microstructures deform in the direction perpendicular 
to the plane containing the unit cell. For normally incident THz waves, the direction 
of reconfiguration is along the direction of incident wave propagation. The out-of-
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plane MRMs perfectly complement the in-plane counterparts to enable certain 
functionalities in THz spectral range. A descriptive review of different out-of-plane 
reconfiguration methods that are reported for active control of various THz 
properties are described in the following sub-sections.   
(a) Thermally out-of-plane reconfigurable metamaterials 
Bimorph actuator consists of two material layers with large mismatch in 
thermal expansion coefficients. When the temperature is changed, the bimorph 
actuator is bent in out-of-plane direction, owing to the relatively large difference in 
thermal expansion coefficient between the two materials. SRR unit cells supported 
by bimorph cantilevers were experimentally reported to achieve simultaneous 
control of both electrical and magnetic responses at THz frequencies.[101] The 
bimorph cantilever was formed by gold and silicon nitride layers and rapid thermal 
 
Figure 1.12: (a) Out-of-plane reconfigurable metamaterial supported by bimorph 
beams at increasing temperature shows increased deformation. The measured THz 
transmission of MRM at different temperature for (b) Ex excitation and (c) Ey 
excitation, respectively and (d) schematics of MRM unit cell. [101] 
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annealing technique was used to apply variable temperature from room temperature 
to 550 °C in steps of 50 °C. The fabricated SRRs were relative flat after the release 
step and as the temperature increases, the cantilevers displaced in the out-of-plane 
direction thereby increase the angle of SRR with respect to the incident THz waves. 
The continuously changing angle of SRR allowed for active modulation of both 
electric and magnetic resonances as shown in Figure 1.12.   
Alternatively, electrothermal actuation is also reported for out-of-plane 
MRM.[102] The omega ring with inner disk resonator was used as the unit cell as 
shown in Figure 1.13. The omega ring was released and was bent up due to residual 
stress in the bimorph layer – Aluminum (Al) on aluminum oxide (Al2O3) layer. 
When current was passed through the Al lines, Joule heating occurs and due to the 
difference in the expansion coefficient of Al and Al2O3 layers, the released omega 
ring deforms towards the Si substrate. This change in gap between Al layer and Si 
substrate allowed for enhanced tuning in resonant frequency of ~0.3 THz.  
 
Figure 1.13: (a) Fabricated omega shaped out-of-plane reconfigurable metamaterial 
with inset showing the unit cell and (b) shows the normalized transmission at 
varying input current. [102] 
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(b) Pneumatically tunable metamaterials 
Pneumatic actuators involve the use of pressure difference to deform the 
released microstructures. The pneumatic actuation mechanism has the advantage of 
achieving bi-directional actuation by reversing the pressure difference, which is 
highly critical for specific applications. Furthermore, they do not require metal lines 
to provide the external stimulus and so are free from interference caused by the 
routing metal lines. MEMS spiral structure for dynamic tuning of optical activity 
in THz spectral region was reported using pneumatic actuation.[103] The released 
spiral structures were in-plane and no optical activity was observed. However, by 
changing the pressure difference across the top and bottom surfaces of the released 
structures, the upward spiral and downward spiral structures with continuously 
varying height was experimentally demonstrated. This allowed for the 28° 
ellipticity across the varying reconfiguration states as shown in Figure 1.14.  
 
Figure 1.14: (a) Fabricated chiral MEMS metamaterial array, (b) corresponding 
unit cell, (c) assembled MEMS metamaterial with pneumatic actuation stage and 
(d) shows the working principle of the pneumatic actuation to achieve LH or RH 
helix and (e) Measured ellipticity of the chiral metamaterial with varying 
deformation of LH and RH helices.[103]  
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(c) Electrostatically reconfigurable metamaterials  
 
Figure 1.15: (a) OM image of the fabricated electrostatically reconfigurable 
microcantilevers after release step, (b) unit cell in OFF state, (c) unit cell in ON 
state and (d) Measured THz transmission response in ON and OFF states.  [104] 
 
Microcantilevers actuated using electrostatic force by applying voltage 
across the released cantilever and bottom electrode, has been integrated into a part 
of SRR. In the OFF state, air gap exists between the microcantilever and the bottom 
electrode, which together form the SRR structure. When the microcantilever is 
actuated to ON state, the air gap between them is completely closed and hence the 
effective capacitance of the SRR structure is strongly changed. The resonance 
frequency observed in 0.7 THz was switched to 0.5 THz. This enabled the active 
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modulation of transmission at ~0.5 THz to about 60 % as shown in Figure 1.15. 
Alternatively, out-of-plane deformable parallel plates were fabricated on top of the 
array of dipole resonators with an air gap between them. Parallel beam actuator is 
similar to microcantilever, but are fixed at both ends. Hence up on actuation, the 
central part of the actuator experiences the maximum deformation. After the critical 
pull in voltage, the gap between the actuator and metasurface is completely closed 
and a conductive path is formed, thereby causing a strong modulation of upto 70 % 
over a broad spectral range as shown in Figure 1.16.  
 
Figure 1.16: Schematics of out-of-plane reconfigurable fixed-fixed beam based 
metamaterial with zoomed in images of the fabricated metamaterial. (b) shows the 
dynamic change in THz pulse in OFF and ON state of the beams and (c) Measured 





The performance of various MEMS actuator is summarized in the Table 1.1 below. 
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1.5 Summary 
In this chapter, various technologies for active control of metamaterial 
response for incident THz waves have been reviewed. The active control based on 
integrating active material is briefly reviewed, followed by the detailed review of 
various structurally reconfigurable metamaterials for active control of THz waves.   
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2. Design, Fabrication and 
Characterization of Microcantilever 
Metamaterials 
2.1 Motivation 
MRMs for active manipulation of THz waves have been predominantly 
realized using in-plane reconfigurable comb drive actuators. In-plane 
reconfiguration allows for active reshaping or lattice constant variation of the 
metamaterial unit cell geometry. However, this approach is limited to applications 
that can tolerate varying asymmetry at different reconfiguration states. 
Furthermore, the comb drives are external structures that need additional Si layer 
and are more sophisticated to be designed, fabricated and integrated into the unit 
cell designs.  The other class of MRM was reported using out-of-plane 
reconfigurable bimorph cantilevers that were driven through thermal stimulus. 
These MRMs consume high power and have relatively slow response time. In order 
to achieve a miniaturized THz system, the metamaterial needs to be electrically 
controlled, easily integrated into various unit cell geometries and fabricated using 
CMOS compatible process.  
Here, we explored prestressed, electrostatically controlled and out-of-plane 
deformable microcantilever as the active element for the realization of MRM 
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operating in THz spectral region. Microcantilever is the simplest form of MEMS 
structure, which is primarily fixed at one end and freely movable at the other end. 
Microcantilevers are used in a wide range of applications such as logic 
switches,[106-108] non-volatile memories,[109-111] radio frequency (RF) 
switches,[112] chemical sensors,[113-115] IR sensors,[116-118] flow sensor,[119-
121] vibration based energy harvesters,[120, 122] and atomic force microscope 
(AFM) tips[123-125]. In order to achieve active reconfiguration of THz 
metamaterial, selective part of the unit cell geometry is released to form the 
microcantilever structures, which can then be deformed actively using electrical 
control signals. Two dimensional (2D) array of these microcantilevers forms the 
electrostatically reconfigurable cut wire metamaterial and is termed as 
“Microcantilever Metamaterial (MCMM)”. The MCMM can be actively switched 
between ON and OFF states by applying voltage across the released 
microcantilever and Si substrate. The simple structure of microcantilever makes it 
highly versatile to be integrated into any metamaterial geometry as per the need. In 
this chapter, the design principle, fabrication process flow and characterization of 
the MCMM is elaborated.  
2.2 Design of MCMM 
The MCMM consists of 2D array of microcantilevers with period ‘P’ along 
x- and y-directions, cantilever length ‘lC’ and width ‘wC’, as shown in Figure 2.1. 
Each cantilever is a bimorph structure formed by aluminum (Al) of ‘tAl’ thickness 
on top of aluminum oxide (Al2O3) dielectric layer of ‘td’ thickness. The bimorph 




Figure 2.1: Schematic representation of microcantilever metamaterial (MCMM) 
unit cell with air gap between the microcantilever and Si substrate.    
 
gap between them. Due to the residual stress in the Al/Al2O3 bimaterial layers, the 
tip displacement ‘hC’ of released cantilever is much higher than sacrificial layer 
silicon di oxide (SiO2) thickness. By controlling the value of hC, the resonant 
frequency of the MCMM can be altered. In this section, the design methodology 
for achieving desired ON (hC = 0µm) and OFF (hC > 0µm) state resonance 
frequencies will be described through a rigorous analysis by varying the 
geometrical parameters. The design of MCMM is separated into electromagnetic 
and electromechanical domains. In the electromagnetic domain, finite integral 
technique (FIT) based modelling is adopted to elucidate the THz transmission 
characteristics of the MCMM in different reconfiguration states, while the 
electromechanical part focusses on the achieving desired values of initial out-of-
plane deformation of the microcantilevers and actuation voltage needed to actively 













2.2.1 Electromagnetic design 
This section describes the numerical simulations used for the design and 
modelling of the resonances of the THz MCMM and its variation with respect to 
the geometrical parameters.  
2.2.1.1 Exploration of resonances in MCMM 
FIT based numerical simulation is carried out to determine the transmission 
response, coupled electromagnetic field and surface current distributions 
corresponding to the resonance modes with normally incident THz waves of desired 
polarization. Full-field electromagnetic wave simulations were performed using the 
commercial simulation software Computer Software Technology Microwave 
studio (CST-MWS). For the material property, Al is considered as a lossy metal 
with conductivity of 1e7 S/m. Al2O3 and Si are modelled as lossless dielectric with 
electrical permittivity of 9.5 and 11.9, respectively.  
A single unit cell of the metamaterial was drawn and simulated with unit 
cell boundary conditions employed in axial directions orthogonal to the incident 
waves. The perfectly matched layers are applied along the propagation of the 
electromagnetic waves. Plane waves were incident into the unit cell from the port 
on the metal side, while the transmission spectrum was observed from the port 
placed at the other side of metamaterial. In the meanwhile, field monitors are used 
to collect the electric fields, magnetic fields and the respective surface currents at 




Figure 2.2: CST-MWS model and inset showing the out-of-plane deformed 
microcantilevers with release angle of θC, 
 
Initially, the microcantilever is drawn with no gap between the Si substrate 
and the bimorph cantilever. In order to introduce the air gap, the microcantilever 
structure is rotated along the width of the cantilever that is fixed to the substrate as 
shown in Figure 2.2. The angle formed between the released cantilever and Si 
substrate is termed as “release angle (θC)”. The release angle and the tip 
displacement height of the microcantilever (or release height, hC) are related to each 
other as θC = tan-1(lC/hC). Hence the increase in air gap between the cantilever and 
substrate can be mathematically represented as increase in release angle (θC). We 
use frequency domain solver, which uses the FIT method to solve the Maxwell’s 




Figure 2.3: Schematic representation of two dimensional scattering parameter 
system.  
 
The output results are obtained as S-Matrix or S-parameters that comprise 
of complex transmission and reflection coefficients for all the calculated modes. 
The simulated results are characterized by scattering parameters, which relate the 
outgoing waves to the incoming waves through a scattering matrix (S-matrix) as 
shown in Figure 2.3, where S11 is the reflection coefficient and S12 is the 
transmission coefficient at port 1, and S21 and S22 are respectively the transmission 
and reflection coefficients at the Port 2. The obtained S-parameters in CST are 
complex that contain both amplitude as well as phase information of the signals. 
By default, the calculated S-parameters are normalized to the port impedance. The 
transmission response of MCMM with the following dimension: lC = 60 µm, wC = 
5 µm, tAl = 0.5 µm, td = 50 nm and hC = 0 is simulated. The spectral range of 0.3 – 
1 THz and normal incidence is chosen for the simulation.  The MCMM response 
for the incident THz wave with electric field along x-direction (i.e. along the length 
of the microcantilever) is shown as red-circle lines in Figure 2.4(a), while the 


































Figure 2.4: Simulation transmission THz response of MCMM for x-polarized 
incidence (red-circle curve) and y-polarized incidence (black-square curve). 
Simulated (b) surface current distribution and (c) Z-component of scattered electric 
field at fr = 0.6 THz for x-polarization incidence. 
 
the width of the microcantilever) is shown as black-square curve in Figure 2.4(a). 
It can be seen that there is a transmission dip at 0.6 THz for x-polarized light, while 
there is no resonance observed for y-polarized light. Apart from providing the S-
parameters, CST-MWS offers a direct visualization of the 2D and 3D 
electromagnetic field distributions in the region of interest. The simulation 
parameters help us to extract the entire range of electric and magnetic properties of 
the system. Local charge distributions and the surface current densities can be 
obtained at any desired frequencies. The induced surface current and the z-
component of scatter electric field in the microcantilever at 0.6 THz for x-polarized 
electric field incidence is shown in Figure 2.4(b) and (c). The direction of induced 
currents is along the incident electric field and hence is the signature dipolar mode 
resonance in the cut wire resonators.[86] From Figure 2.4(c), it can also be seen 
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that there is a strong coupling of incident electric field between the microcantilevers 
and Si substrate.   
2.2.1.2 Equivalent circuit model  
The simulated MCMM resonance shown in Figure 2.5(a) can be modelled 
as an equivalent circuit as shown in Figure 2.5(b), and the resonance frequency can 
be calculated as ωr = (LeffCeff)-1/2. The effective inductance majorly comes from the 
Al layer and hence LAl can be considered as Leff and can be calculated as Leff ∝ 
µ0tAlwC/lC. The equivalent capacitance, Ceff of the MCMM is given by series 
combination of two capacitances, the fixed capacitance due to dielectric Al2O3, Cd 
∝ ε0εrwClC/td, and the variable capacitance due to air gap, Ca ∝ ε0wClC/hC. Based on 
the parameter variation the resonant frequency of MCMM can be determined. 
Hence, when the cantilever moves in out-of-plane direction, the effective 
inductance and capacitance due to the air gap changes accordingly and so forms the 
variable part of the LC circuit. 
 
Figure 2.5: (a) Simulated surface current for the given polarization of incident THz 
waves and (b) The equivalent circuit with varying inductance, LAl due to projection 
length change, fixed capacitance, Cd due to Al2O3 and variable capacitance, Ca due 
to air gap change.   
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2.2.1.3 Influence of cantilever length on ωr of MCMM   
The length of the microcantilever is varied from 50 – 70 µm in a step of 5 
µm with all other geometrical parameters kept constant as in the model described 
in Section 2.2.1.1. The simulated transmission response for the MCMM for 
normally incident THz wave with electric field along x-direction is shown in Figure 
2.6. It can be observed that as the length of cantilever increases from 50 µm to 70 
µm, the resonant frequency red shifts from 0.675 THz to 0.545 THz.  As lC 
increases, the effective inductance increases drastically, but causes a small increase 
in the effective capacitance due to increase in effective area. Hence, the product 
value Leff x Ceff increase, thereby making ωr to decrease with lC.  
 
Figure 2.6: Simulated transmission response of the MCMM with varying lC. 
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2.2.1.4 Influence of cantilever width on ωr of MCMM   
The width of the microcantilever is varied from 3 – 7 µm in a step of 1 µm 
with all other geometrical parameters kept same as in the model described in 
Section 2.2.1.1. The simulated transmission response for the MCMM for normally 
incident THz wave with electric field along x-direction for varying wC is shown in 
Figure 2.7.  The resonance frequency of the MCMM blue shifts slightly with 
increasing wC, from 0.59 THz for wC = 3 µm to 0.615 THz for wC = 7 µm. This is 
expected because the increase in wC causes both Leff and Ceff to increase slightly, 
which in turn will cause ωr to decrease with wC. However, the spectral shift of 
resonance frequency with wC, variation is minimal.  
 
Figure 2.7: Simulated transmission response of the MCMM with varying wC with 
the showing the zoom in spectral from 0.59 THz to 0.615 THz. 
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2.2.1.5 Influence of Al thickness on ωr of MCMM   
In order to study the effect of Al thickness of the MCMM resonance 
frequency, the Al thickness was varied from 0.1 µm to 0.7 µm in a step of 0.2 µm 
with all other geometrical parameters kept same as in the model described in 
Section 2.2.1.1. The simulated transmission response of MCMM with varying Al 
thickness is shown in Figure 2.8 and the resonant frequency of the MCMM has 
slight blue shift with Al thickness, which is consistent with previous reports.[92, 
126]   
 
Figure 2.8: Simulated transmission response of MCMM with varying Al thickness 




2.2.1.6 Influence of Al2O3 thickness on ωr of MCMM   
The Al2O3 thickness, td is varied from 0.1 – 0.7 µm in a step of 0.2 µm with 
all other geometrical parameters kept same as in the model described in Section 
2.2.1.1. The simulated transmission response for the MCMM for normally incident 
THz wave with electric field along x-direction is shown in Figure 2.9. It can be 
observed that the resonant frequency blue shifts from 0.6 THz to 0.64 THz for 
corresponding increase in td from 0.1 µm to 0.7 µm. The increase in td will cause a 
sharp decrease in Cd and so the Ceff value is also decreased, while Leff is not 
influenced. Hence, ωr is increased accordingly with td. 
 
Figure 2.9: Simulation data with varying Al2O3 thickness with the showing the 




2.2.1.7 Influence of release height on ωr of MCMM   
When the cantilever is released, an air gap is formed between the cantilever 
and Si substrate. This is modelled with an equivalent parameter termed as release 
angle (θC) as described in Section 2.2.1.1. The simulated transmission response for 
the MCMM with varying θC from 0° to 10° in a step of 2° is shown in Figure 2.10.  
The resonance frequency of MCMM shows a strong blue shift from 0.6 THz to 0.97 
THz for corresponding increase in θC from 0° to 10°. When θC is varied, there are 
two equivalent parameters that are altered. One is the effective length of the out-of-
plane deformed cantilevers with respect to the normal incidence of THz waves and 
other is the change in capacitance due to the air gap variation between the Al layer 
and Si substrate.  
 
Figure 2.10: Simulation data with current and field distribution for varying airgap. 
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As the value of varying θC increases from 0° to 10°, the effective length of 
the cantilever is decreased and hence causes ωr to increase due to reduced effective 
inductance as described in Section 2.2.1.2.  Additionally, the increase in air gap 
causes Ca to sharply decrease, which in turn will also decrease Ceff, thereby making 
ωr to increase. This case is identical to Al2O3 thickness variation, where Ceff is 
reduced through decrease in Cd. But the amount by which ωr, blue shifts is higher 
in Al2O3 thickness variation, owing to the higher refractive index of Al2O3 dielectric 
compared to air. However, here the physical change of air ga (in µm level) is much 
higher than the change of td (in 100’s of nm). The dominant parameter between the 
effective length change and capacitance change that influences the resonant 
frequency of the MCMM is studied by simulating the surface current distribution 
and z-component of scattered electric field and is shown in Figure 2.11 for θ = 0° 
at 0.6 THz and θ = 10° at 0.97 THz.  
 
Figure 2.11: Simulated surface current configuration for (a) θ = 10° at 0.97 THz 
and (c) θ = 0° at 0.6 THz and z-component of scattered electric field for (b) θ = 10° 
at 0.97 THz and (d) θ = 0° at 0.6 THz, respectively.  
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The surface current distribution at θC = 0° and 10° are along the direction 
of incident electric field and so confirms that the resonance mode is preserved in 
all states. The stronger current distribution at θC = 0° (Figure 2.11(c)), compared 
to θC =10° (Figure 2.11(a)) confirms the higher strength of resonance at θ = 0°. 
The z-component of the scattered electric field shows a strong coupling of incident 
electric field to the MCMM in θC = 0°, and the field strength is decreased for θC = 
10° as shown in Figure 2.11(b) and Figure 2.11(d). Hence, the change in 
capacitance influences the resonance frequency of MCMM much stronger than the 
effective length change. In our case, the air gap between the Al layer and Si 
substrate can be actively controlled through electrostatic actuation by applying 
voltage across the two layers and will be the major focus of the thesis.  
2.2.2 Electromechanical design of MCMM 
In this section, the influence of geometrical parameters on the release height 
of the cantilever and the input voltage required to switch the physical state of 
microcantilever will be described in detail.  
2.2.2.1 Study on release height 
The bi-material composition of the microcantilever will make the released 
structure to deform in out-of-plane direction. This is caused due to the residual 
stress in the Al and Al2O3 layers. The stress in the layers can be caused due to 
various reasons, such as lattice mismatch between the layers, thermal budget in the 
fabrication process and recipe used for thin film deposition, etc. However, the major 
contributor is the temperature variations in the fabrication process. In our case, Al 
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has very high thermal expansion coefficient, which is approximately four times 
higher than Al2O3. This strong mismatch in the thermal expansion coefficient 
causes the residual stress to build up in the structure and when it is released, this 
stress is manifested as the out-of-plane deformation. Since Al has a higher thermal 
expansion coefficient and forms the top layer of bimorph, the cantilever will curve 
upwards.[127] This allows for increased release height which is critical for 
achieving higher OFF state resonance frequency, without the need for thicker 
sacrificial layer. 













                       Eqn. 3.2  
Where, n = tAl/td, m = EAl/Ed, σAl, tAl and EAl is the residual stress, thickness 
and Young’s modulus of Al layer, respectively and σd, td and Ed is the residual 
stress, thickness and Young’s modulus of Al2O3 layer, respectively. K is given by, 
K = 1 + 4mn + 6mn2 + 4mn3 + m2n4. 
The tip displacement or release height, hC of the cantilever with length, lC 
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In order to experimentally study the influence of various geometrical 
parameter different test structures i.e. bimorph cantilevers with varying length, 
width and Al thickness were fabricated. The fabrication process flow will be 
detailed in Section 2.3. The length of the cantilevers, lC was varied from 10 µm to 
100 µm at fixed width of 5 µm, tAl of 0.5 µm and td of 50 nm.  The initial tip 
deformations of the fabricated cantilevers were measured and are shown in Figure 
2.12. The measurement setup and procedure adopted for measuring the tip 
displacement will be described in Section 2.4. Figure 2.12 shows that the initial tip 
displacement for microcantilevers increases strongly with microcantilever length. 
This is primarily due to the reduced spring constant of the cantilevers with 
increasing length and is consistent with equation 3.3.  
 
Figure 2.12: Measured initial tip displacement for bimorph cantilevers for three 
different thickness of Al (tAl) – 0.5 µm (blue-square), 0.3 µm (red-circle), 0.1 µm 
(black-triangle) and fixed Al2O3 thickness (td) of 50 nm with varying (lC) at fixed 




Figure 2.13: Measured initial tip displacement for bimorph cantilevers for three 
different thickness of Al (tAl)– 0.5 µm (blue-square), 0.3 µm (red-circle), 0.1 µm 
(black-triangle) and fixed Al2O3 thickness (td) of 50 nm with varying cantilever 
width (wC)at fixed length (lC) of 60 µm. 
 
The influence of cantilever width on initial tip displacement at fixed lC is 
shown in Figure 2.13. With increasing width, the tip displacement decreases up to 
where the wC/lC ratio is 10.[129] Further increase in width, has minimal influence 
in the tip displacement. It is also interesting to note that the tip displacement of the 
cantilevers is significantly increased with decreasing Al thickness for a given length 
and width of cantilevers. This is caused due to the reduced spring constant of the 
cantilevers with reduced Al thickness.  The influence of Al2O3 thickness was not 
experimentally studied, since the Al2O3 is deposited using atomic layer deposition 
(ALD) process, which is relatively slow and expensive process. Hence, the release 
height can be strongly varied by lC and tAl, while wC  has the minimal effect. 
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2.2.2.2 Study on actuation voltage 
For active reconfiguration, the out-of-plane air gap, ‘hC’ is changed using 
electrostatic force by applying a voltage (VA) across the released cantilever and Si 
substrate. When VA is applied, the attractive electrostatic force deforms the 
suspended cantilever towards the fixed Si substrate. This mechanical deformation 
of cantilever induces the restoring force in the deformed cantilever that opposes the 
electrostatic force, which caused the deflection in the first place. Hence, the final 
position of the cantilever at a given voltage is determined by the equilibrium 
position, where the electrostatic force and restoring force balance each other. When 
the VA is increased, the electrostatic force increases much more rapidly than the 
restoring force, and at a critical value known as the “pull-in voltage (VPI),” the 
electrostatic force will be higher than the restoring force, thereby bringing the 
microcantilever in physical contact with the Si substrate.[107, 128] One of the 
important roles of Al2O3 dielectric layer beneath the Al layer is to prevent the 
current flow between the cantilevers and Si substrate, when a voltage is applied. 
When VA is made zero, no electrostatic force exists and the restoring force in the 
deformed cantilever will bring the cantilever back to its initial position. This 
ensures the repeated operational reliability of the fabricated devices.  
In order to explore the dependence of the pull-in voltage of the curved 
microcantilevers with respect to various geometrical parameters, finite element 
modelling (FEM) using commercially available COMSOL software were 
performed. The FEM model used two domains - structural mechanics and electric 




Figure 2.14. (a) FEM model of the curved up bilayer microcantilever, which is fixed 
at the anchor region and the ground electrode is defined at z = 0. (b) Simulated out-
of-plane deformation of the microcantilever with VA less than VPI. 
 
for the generation of electrostatic force and the structural mechanics domain 
calculates the physical deformation of the microcantilever under the generated 
electrostatic force from the electric currents domain. The model of curved up 
microcantilever of desired geometry is drawn using computer aided design (CAD) 
environment in COMSOL as shown in Figure 2.14(a). The electrical and structural 
properties of all the material layers are taken from the in-built COMSOL library. 
The microcantilever is given with fixed boundary conditions at the anchor region. 
Z = 0 reference plane is defined as the ground potential (represents the surface of 
the Si substrate), while positive potential is applied to the Al layer of 
microcantilever. The developed model is finely meshed with adaptive mesh option 
enabled.  This is critical because when the cantilever moves close to the ground 
electrode (Z = 0), the gap might get smaller than the mesh size. The deformation of 




Figure 2.15: Simulated pull-in voltage for bimorph cantilevers for three different 
thickness of Al – 0.5 µm (blue-triangle), 0.3 µm (red-circle), 0.1 µm (black-square) 
and fixed Al2O3 thickness of 50 nm respectively. 
 
The simulated pull-in voltage of the curved microcantilevers with varying 
tip displacement and Al thickness for cantilever length of 60 µm and width of 5 µm 
is shown in Figure 2.15. It can be seen that the pull-in voltage increases linearly 
with the initial tip displacement, and is caused due to the increased air-gap, which 
causes the attractive electrostatic force to decrease. It is also interesting to note that 
the gradient of increment in pull-in voltage rapidly increases with Al thickness.  
This is primarily due to the increased spring constant in the cantilever with thicker 
Al layer. Hence, cantilever with longer length, lower tip displacement and thinner 
Al thickness is desirable for the lower value of pull-in voltage. However, these 
geometrical parameters are adversely related to each other as described earlier in 
Section 2.2.1. Hence, trade-offs have to be made based on the applications in hand. 
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The MCMM can be actively switched between two states, defined as: the OFF state, 
when no voltage is applied, and the cantilever is suspended over the Si substrate 
with air gap, and the ON state, defined as the state at which the cantilever is in 
physical contact with the Si substrate after applying voltage higher than VPI. When 
the applied voltage is made zero, no electrostatic force exists and the restoring force 
in the deformed cantilever will bring the cantilever back to its initial OFF position.  
2.2.3 Design flow for MCMM 
 
Figure 2.16 Design flow to determine the various geometrical parameter of MCMM 
for achieving desired ωr_ON, ωr_OFF and VPI values.   
Design tAl and td – Based on desired ωr_OFF
Design lC - Based on desired ωr_ON
Design wC – Based on VPI
Acceptable 
Variation 







Based on the understanding of influence of various geometrical parameters 
on the resonant frequency of MCMM, a general design flow is provided as shown 
in Figure 2.16 to achieve desired electro-optic performance of MCMM. 
 
Figure 2.17. (a) Simulated ωr_ON of MCMM for (a) varying cantilever length (red) 
and cantilever width (blue) and (b) varying Al thickness (green) and varying Al2O3 
thickness (orange), respectively. 
 
The effect of different geometrical parameter on the ON state resonance 
frequency of MCMM (ωr_ON) is shown comparatively in Figure 2.17. The length 
and width of the cantilever can be designed based on the desired value of ωr_ON. In 
order to achieve the desired OFF state resonance frequency of MCMM (ωr_OFF), 
the corresponding initial tip displacement has to be designed. The initial tip 
displacement is strongly influenced by the length of cantilever and thickness of Al 
layer. Hence, the release length of the cantilever and Al thickness can be optimized 
to achieve desired ωr_OFF. The reduction of Al thickness for achieving higher values 
of ωr-OFF, will be limited by the skin depth of Al in THz region which is less than 
100 nm for 1 THz. The Al2O3 thickness is always fixed at 50 nm, which is the 
minimum thickness of Al2O3 required to withstand pull-in voltage up to 50 V, 
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without causing dielectric breakdown in ON state. ALD process also provides a 
pinhole free layer, which is critical for withstanding high voltages in ON state. 
Lower operational voltages are always desired, however to achieve lower 
pull-in voltages, the air gap has to be minimized or length has to be increased. Both 
of these parameters will adversely affect the OFF and ON state resonance 
frequencies. One means to overcome this design tradeoff will be to separate the 
actuation and spring constant part of microcantilever, such as in torsion supported 
cantilevers, where the electrostatic force occurs at the cantilever region, while the 
restoring force comes from torsion beams.[130, 131] In the current microcantilever 
based approach, even though a few tens of voltage is applied, there is no current 
flowing across the terminal, which ensures low operational power for the MCMMs. 
As the focus of the thesis is the experimental exploration of microcantilever 
technology integrated into metamaterial geometries for advanced THz 
functionalities, the electromechanical optimization is not rigorously optimized.  
2.3 Fabrication process for MCMM 
The MCMM is fabricated using CMOS compatible materials and processes 
as described in this sub-section. First, a lightly doped 8” Silicon (Si) wafer is 
cleaned, and a 100 nm thick thermal SiO2 layer is deposited using the low-pressure 
chemical vapor deposition (LPCVD) process as shown in Figure 2.18(a). 
Photolithography is used to define the anchor regions. With the pattern defined, 
SiO2 is dry etched using reactive ion etching (RIE) as shown in Figure 2.18(b). 




Figure 2.18. Schematic representation of the process flow for the fabrication of 
microcantilevers with curved up deformation.  
 
deposited using the atomic layer deposition (ALD) process as shown in Figure 
2.18(c). The ALD process provides high quality, pinhole free and highly conformal 
layer of Al2O3. Al of 500 nm thickness is sputter deposited as shown in Figure 
2.18(d). It is important to note that the bimorph (Al⁄Al2O3) layers are in physical 
contact with Si at the anchor region, and at all other regions, the bimorph is on top 
of a thin layer of SiO2 layer. Second photolithography step is used to define the 
cantilevers, frame, metal line, and bond pads. This photolithography step should 
have minimal misalignment tolerance (< 500 nm) with the first lithography step. 
Both Al and Al2O3 are dry etched sequentially as shown in Figure 2.18(e). Finally, 
vapor hydrofluoric acid (VHF) is used to isotropically etch away all the SiO2 
sacrificial layer, thereby suspending the cantilevers over the Si substrate with an air 
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gap between them as shown in Figure 2.18(f). The SiO2 layer is the sacrificial layer 
and is completely removed during the vapor hydrofluoric acid (VHF) release 
process. The VHF release process is not time-controlled, and this ensures for higher 
yield for the devices. Due to the residual stress in the bimorph cantilevers, the 
released cantilevers are bent up, and this makes the initial tip displacement of the 
released cantilevers to be much higher than the thickness of the sacrificial SiO2 
layer. 
The optical microscope (OM) image of the fabricated MCMM and its unit 
cell after the VHF release step is shown in Figure 2.19(a) and Figure 2.19(b). It 
can be observed that the focus along the microcantilever varies continuously from 
the metal interconnect line to the tip and this gradient in focus along the 
microcantilever confirms the out-of-plane deformation of the released cantilevers. 
Based on the initial tip displacement, the out-of-focus will be proportionally 
increased.  
 
Figure 2.19. Optical microscope image of (a) fabricated MCMM and (b) its 




2.4 Experimental characterization 
The experimental section is divided into two sub-sections – 
electromechanical and THz transmission characterization of MCMM. In the 
electromechanical part, the measurement setup for measuring the initial tip 
displacement will be described. The active switching of fabricated devices will be 
performed and the electromechanical characteristics of these devices will be 
determined. In the THz transmission characterization part, the measurement setup 
and the THz transmission response of MCMM in different reconfiguration states 
will be elaborated.  
2.4.1 Electromechanical characterization 
The fabricated devices are bonded to a custom made printed circuit board 
(PCB) with the 5 mm x 5 mm hole in middle. The chip is placed over the PCB with 
the hole region under the MCMM, through which THz waves will be propagated. 
Gold wires are used to electrically connect the Al bondpad in the MCMM to the 
PCB input terminals as shown in Figure 2.20.  
 
Figure 2.20.  Fabricated MCMM chip is wirebonded to a PCB with hole - (a) Front 




Figure 2.21: (a) OM image of MCMM in OFF state with the SEM image of 
corresponding unit cell in inset and (b) OM image of MCMM in ON state with the 
SEM image of corresponding unit cell in inset.  
 
The wire bonded chip is soldered with thin wires to provide the desired 
voltage from an externally connected Agilent E3646A power supply. The voltage 
is applied by keeping the Si substrate in ground potential, while the cantilever is 
positively biased. Depending upon the voltage applied, the position of the 
cantilevers can be controlled. When the applied voltage is higher than the pull in 
voltage, the cantilevers comes in physical contract with Si substrate and the 
MCMM is switched to ON state. The OM images of the MCMM in OFF state and 
ON state is shown in Figure 2.21.  
 The deflection profile of released cantilever is measured using Lyncee Tech 
reflection digital holographic microscope (R-DHM). The wire bonded MCMM is 
placed in the measurement stage. The PCB is connected to the stroboscopic unit 
with an amplifier that can provide voltages up to 200 V. The reference plane is set 




Figure 2.22: (a) Measured 3D profile and (b) reflection phase of microcantilever in 
OFF state and (c) Measured 3D profile and (b) reflection phase of microcantilever 
in ON state, respectively.  
 
the out-of-plane profile of the microcantilever in OFF state. The measured 3D 
profile and the continuously varying phase measured in R-DHM is shown Figure 
2.22(a) and (b). When VA is higher than the VPI, the microcantilever is switched to 
ON state as seen from the measured 3D profile in Figure 2.22(c) and also the phase 
along the cantilever is uniform and hence ensures the parallel nature of cantilever 
over the Si substrate.  
Three MCMMs with varying Al thickness of 100 nm, 300 nm and 500 nm 
were fabricated and are termed as MC100, MC300 and MC500, respectively. The 
initial tip displacement was measured to be 20.2 µm, 10.2 µm and 5.5 µm, 
respectively. The out-of-plane deformation is determined using the R-DHM unit. 
The pull-in voltage of 35V, 40V and 45V was required for MC100, MC300 and 




Figure 2.23: OM images of fabricated MCMM unit cell in OFF and ON state with 
Al thickness, tAl = (a) 100 nm, (b) 300 nm and (c) 500 nm, respectively. 
 
the MC100, MC300 and MC500 samples in OFF states and corresponding ON 
states are shown in Figure 2.23. In the ON state, the cantilevers are completely in 
contact with Si substrate and so the entire cantilever is in focus for all cases.  
2.4.2 THz transmission characterization of MCMM 
THz transmission characteristics of MCMM is measured using THz time-
domain spectroscopy (THz-TDS) system. The schematic drawing of THz-TDS 
system is shown in Figure 2.24. The ultrafast femtosecond laser pulse is split into 
the pump and probe beams. The pump beam is incident on the THz emitter to 
generate THz pulses, and the THz pulses are collimated and focused on the 
metamaterial sample using parabolic mirrors. After transmission through the 
metamaterial sample placed in a nitrogen (N2) filled chamber, the THz pulse is 
collimated and re-focused on the THz detector. The optical probe beam is used to 




Figure 2.24: Schematic representation of photoconductive antenna based THz-TDS 
pump-probe system.[1] 
 
stage is used to offset the pump and probe beams and allow the THz temporal 
profile to be iteratively sampled. In the experiments, the THz waves were incident 
normally on the MCMM with electric field along the length of microcantilever (x-
direction). The number of scans is chosen appropriately so as to avoid the influence 
of reflected THz pulse from the bottom of the Si substrate. The measured 
transmission spectrum of the metamaterial sample is always normalized with the 
transmission spectrum of THz through reference Si substrate of same thickness as 
shown in Figure 2.25. The Si substrate used for all MCMMs are 725 µm thickness 
and are lightly doped. This causes the transmission to drop by approximately 50%, 
relative to N2 environment. This limitation can be overcome by reducing the 
thickness of Si substrate. The electrical wires from the mounted sample are brought 




Figure 2.25: Measured THz transmission (a) time domain response and (b) 
frequency response in nitrogen environment, respectively and (c) time domain 
response and (d) frequency response through 725 µm silicon substrate, respectively.  
 
The normalized transmission spectra of the fabricated MCMMs - MC100, 
MC300 and MC500 in both ON and OFF states are shown in Figure 2.26.  The fr-
OFF and fr-ON for MC500 is at 0.88 THz and 0.59 THz, respectively and fits quite 
well with the simulation results shown in Figure 2.10. Owing to the increased 
initial tip displacement of MC300 and MC100 devices, the OFF state resonance 
frequencies are observed at 0.935 THz and 0.96 THz. The fr-ON for MC300 and 
MC100 is slightly red-shifted to 0.587 THz and 0.56 THz, respectively when 
compared to fr-ON of MC500 (0.59 THz). This can be attributed to the reduced 
thickness of Al layer, as described in Section 2.2.1.5. The increase in fr-OFF can be 




Figure 2.26: (a) Measured THz transmission spectra for THz waves incident with 
electric field along the cantilever length for fabricated devices MC100 (black), 
MC300 (green) and MC500 (orange) devices in OFF (solid lines) and ON states 
(dashed lines), respectively. 
 
higher for MC100, compared to MC500 device. The improvement in switching 
range of ~0.11 THz is much higher than the tuning range of most non-MEMS based 
tunable approaches. 
2.5 MCMM as digital metamaterials 
Recently, digital metamaterials, coding metamaterials, and programming 
metamaterials have been demonstrated, [46-51] where discrete subwavelength unit 
cells with specific geometrical filling ratio act as the “digital bits”. The state of the 
meta-bits is defined by its reflection phase.  The metamaterial then formed by 
placing these meta-bits in a coding sequence determines the phase gradient of the 
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metamaterial and hence the reflection profile of incident EM waves. By changing 
the coding sequence, the reflection beam can be steered along specific direction 
with a desired reflection profile. [49-51]  
From an alternative perspective, the meta-bit states can also be defined 
based on the transmission intensity rather than the reflection phase. These 
metamaterials can be considered as a new class of coding metamaterials, which 
enable advanced resonance-based EM wave manipulation. More interestingly, a 
single meta-bit can be switched between ON and OFF states, i.e. transmission high 
(or no resonance) and transmission low (or presence of resonance), respectively 
 
Figure 2.27: Calculated modulation depth for MC100 (black), MC300 (green) and 
MC500 (orange), respectively. 
through external stimulus at a given frequency. This allows for the dynamic 
selection of the functionality of the coding metamaterial based on the state of the 
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meta-bits. The fabricated MCMMs are ideal for realizing digital metamaterials, 
which can be dynamically switched between ON and OFF states, on demand.  
The modulation depth is calculated as MD = |TON-TOFF|/TOFF and is shown in 
Figure 2.27. All three metamaterials show dual band modulation characteristics 
with a maximum modulation depth of 0.6 at their respective fr-ON. At fr-OFF, the 
modulation depth for MC500, MC300 and MC100 is around 0.5, 0.4 and 0.25, 
respectively. These devices with the modulation depth of 60% is ideal for the 
functionalities enabled using digital metamaterials. 
2.6 Summary 
In this chapter, an array of subwavelength-sized microcantilevers was 
designed, fabricated for active switching of terahertz transmission response. 
Geometrical optimization based on metal layer thickness of the microcantilever was 
explored to achieve improved switching contrast. The microcantilever 
metamaterial is ideal choice to operate as digital metamaterial in THz spectral 
region, which is the building block for the realization of coding metamaterials. With 
improved controllability of MCMM at unit cell level, the metamaterial property can 
be dynamically altered based on the coding sequence of the meta-bits.  One of the 
most promising application is the THz beam steering, where the beam propagation 
(or reflection) direction and profile can be continuously varied at any angle and is 
highly desired in high-speed wireless communication systems.   
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3. Microcantilever Metamaterial for 
active control of THz polarimetric 
functionalities 
3.1 Motivation 
Polarization of the EM wave describes the direction of electric field 
oscillation of the EM wave with propagation along the perpendicular direction. In 
case of linear polarization, the electric field oscillates along a single plane and based 
on the direction of oscillation, two orthogonal polarization states are defined. For 
the THz wave propagating in z-direction, the electric field can be represented in 
terms of x-polarized and y-polarized states. The material response to different 
polarization states of the incidence EM wave is termed as anisotropy of the material 
and depends on various parameters, such as material composition, crystallography, 
direction of propagation and wavelength of the incident wave.  
Active control of linear polarization response (i.e. anisotropy) is important 
for numerous interesting applications, such as variable wave plates, beam splitters 
and isolators. In the case of in-plane MRMs, the reconfigurable part integrated into 
the unit cell has is displaced along a direction perpendicular to wave propagation 
direction. Hence, the asymmetry in the metamaterial unit cell is continuously 
changed and this greatly limits the polarization controlled functionalities in in-plane 
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MRMs.[78-81] However, in out-of-plane MRMs, the microcantilever can be placed 
along any direction and the metamaterial unit cell shape is preserved in all states of 
reconfiguration. This freedom in out-of-plane reconfiguration will enable complete 
control of THz polarization response, which in turn opens up the possibility of 
realizing advanced polarimetric functionalities, that are not accessible through in-
plane MRMs.  
In this chapter, the microcantilevers integrated into novel metamaterial unit 
cells are realized for advanced polarimetric functionalities in THz spectral range.  
In the Section 3.2, polarization independent resonance switching is experimentally 
demonstrated by integrating microcantilevers into rotationally symmetric unit cell 
geometry. The developed MCMM provides dual resonance switching with identical 
response for orthogonally polarized THz waves. Since the MCMM provides 
isotropic response for z-direction propagating THz waves, it is termed as 
“uniaxially isotropic microcantilever metamaterial (UI-MCMM)”. Alternatively, in 
Section 3.3, microcantilevers placed in orthogonal direction with independent 
control is reported for complete switching of anisotropy through active making and 
breaking the symmetry of unit cell geometry on demand and are termed as 
“anisotropy switching microcantilever metamaterial (AS-MCMM)”.  Hence, the 
MCMMs can be used for the wide range of polarimetric functionalities in THz 
spectral range by simply releasing selective part of the metamaterial geometry to 
form the microcantilever structures and can also have isolated control for more 
advanced control of polarization control.  
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3.2 Uniaxially isotropic microcantilever metamaterial  
In order to achieve polarization independent characteristics in MRMs for 
normally incident THz wave, the two following conditions should be satisfied – 
Firstly, the unit cell geometry should have rotational symmetry in the plane 
perpendicular to the wave propagation direction at all reconfiguration states. Hence 
the unit cell geometry has to be symmetric along x- and y-directions. Secondly, the 
actuation direction should be along the direction of incident wave propagation (i.e. 
perpendicular to the plane containing the electric and magnetic fields of the incident 
wave) to preserve the rotational symmetry of the unit cell when the state of the 
metamaterial is reconfigured.  
In case of in-plane MRMs, the in-plane asymmetry of the metamaterial 
continuously varies at different reconfiguration states, since the direction of 
actuation is perpendicular to the wave propagation direction. Hence, the in-plane 
MRMs can have only one state, where the response will be same for x-polarized 
and y-polarized incidence.[79, 81] In case of earlier reported out-of-plane MRMs, 
the unit cell lacks desired rotational symmetry, mainly due to the need for metal 
routing lines to provide electrical input to each unit cell.[132-134] In this section, a 
novel design of metamaterial unit cell, integrated with out-of-plane reconfigurable 
microcantilevers for polarization independent switching of dual resonances for 
normally incident THz wave is experimentally demonstrated.  
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3.2.1 UI-MCMM unit cell design 
The proposed UI-MCMM unit cell consists of eight geometrically identical 
microcantilevers (C1–C8) placed symmetrically at eight corners of an octagon ring 
as shown in Figure 3.1. The pitch of the unit cell array (p) is 120 µm. Dimension 
of each cantilever is 45 µm in length (lC) and 5 µm in width (wC) as shown in Figure 
3.2(b). The octagon rings are fixed to the substrate and are electrically connected 
to the adjacent rings, thereby forming the routing lines to provide electrical input 
to all suspended cantilevers. The rotational symmetry of metamaterial unit cell and 
out-of-plane reconfiguration of cantilevers will preserve the isotropic nature of unit 
cell in all reconfiguration states. The cantilevers are bilayer structures made of 500 
nm of Al on top of 50 nm thick Al2O3 dielectric layer, on Si substrate using the 
fabrication process, similar the one described in Section 2.3 of the thesis. 
 
Figure 3.1: Illustrative schematics of the proposed uniaxially isotropic MCMM 





Figure 3.2: (a) OM image of the UI-MCMM array and (b) SEM image of fabricated 
unit cell of UI-MCMM in OFF state with the geometrical parameters definitions.  
 
The OM image of the fabricated UI-MCMM is shown in Figure 3.2(a) and 
SEM image of the unit cell with eight released cantilevers are shown in Figure 
3.2(b), respectively. Based on the variation of sacrificial etch release time, two 
devices were fabricated. When the metamaterial was released for limited release 
time of 8-10 mins, the tip displacement was measured to be 2.5 µm, and when the 
release time was increased to 20 mins or higher, the tip displacement saturated at 
4.75 µm. The UI-MCMM devices with limited release time are termed as “DL500” 
and that with saturated release time is termed as “DS500”.  
In order to achieve active tunability, voltage (VA) is applied across the 
released cantilevers and Si substrate. When VA is greater than the critical pull-in 
voltage (VPI), the released cantilevers will be switched to ON state from initial OFF 
state as described in Section 2.2.2. The measured cantilever profiles for DL500 and 
DS500 in OFF and ON states using R-DHM measurement unit are shown in Figure 
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3.3(a). The phase diagram of the DS500 unit cell at OFF state is shown in Figure 
3.3(b), and the continuously increasing phase can be seen from the anchor point to 
the cantilever tip, which indicates the upward curvature of the released cantilevers. 
Figure 3.3(c) shows the measured phase for the DS500 unit cell in ON state and 
the uniform phase along the length of the cantilever confirms that the cantilever is 
flat and is in contact with Si substrate. 
 
Figure 3.3: (a) Measured single cantilever profile for DS500 and DL500 in OFF 
and ON states.  The phase image of released cantilevers for DS500 unit cell in (b) 
OFF state showing continuously varying phase information due to increasing out-
of-plane deformation and (c) ON state, the phase is uniform throughout the 




3.2.2 Exploration of resonances in UI-MCMM unit cell 
Simulations were performed to elucidate the resonances in UI-MCMM and 
its dependence on varying cantilever release height. The material properties and 
simulation settings for the THz transmission modelling are kept similar to one 
described in Section 2.2.1. The simulated THz transmission response for DL500 in 
OFF and ON states for both x-polarization and y-polarization incidences are shown 
in Figure 3.4.  In OFF state, two transmission dips are observed at 0.55 THz and 
0.76 THz and in ON state, the resonances red shift to 0.43 THz and 0.57 THz, 
respectively. The transmission spectra of UI-MCMM are identical for x-polarized 
and y-polarized incidences in both ON and OFF reconfiguration states, thereby 
confirming the polarization independent characteristics of proposed UI-MCMM. 
To understand the resonance mechanisms of UI-MCMM, the surface current 
distributions at the respective resonance frequencies were simulated. The current 
distributions at the 0.55 THz and 0.76 THz for DL500 in OFF state for x-
polarization and y-polarization incidence is shown in Figure 3.5. At 0.55 THz for 
x-polarized incidence, antiparallel circulating current is induced in the cantilevers 
along the paths C2-C4 and C8-C6 as shown in Figure 3.5(a). Both these paths that 
are formed along cantilevers C2-C4 and C8-C6 have a gap along the x-direction, 
thereby forming an eSRR-like structure and the resonance mode should be the 




Figure 3.4: Simulated transmission spectra of DL500 in ON and OFF states for x-
polarization and y-polarization THz incidences. 
 
In case of y-polarized incidence, the similar circulating current due to eLC 
resonance is induced in the cantilevers along C2-C8 and C4-C6 at 0.55 THz as 
shown in Figure 3.5(b) that is π/2 rotated relative to the x-polarized incidence case. 
At the higher resonance frequency of 0.76 THz for x-polarized incidence, the 
induced current is along the length of cantilevers C1 and C5. These induced 
currents are in phase with each other and also along the same direction as incident 
electric field i.e. x-direction as shown in Figure 3.5(c). This suggests dipolar mode 
resonance in the UI-MCMM. Similarly, for the y-polarized incidence, the current 
induced in C3-C7 cantilevers is in phase and along y-direction as shown in Figure 
3.5(d). In OFF state, the resonances are identical for x- and y-polarized THz 




Figure 3.5:  Simulated surface current distribution for DL500 UI-MCMM in OFF 
state, (a) at 0.55 THz for x-polarization incidence, (b) at 0.55 THz for y-polarization 
incidence, (c) at 0.76 THz for x-polarization incidence and (d) at 0.76 THz for y-
polarization incidence, respectively. 
 
The simulated current distributions for the ON state resonances in DL500 
are shown in Figure 3.6. The current distribution in DL500 in ON state at 0.43 THz 
is similar to the current distribution of DL500 at 0.55 THz in OFF state for both x-
polarization and y-polarization incidences. The current distribution is DL500 in ON 
state at 0.43 THz is similar to the current distribution of DL500 at 0.55 THz in OFF 
state for both x-polarization and y-polarization incidences. Similarly, the induced 
current configuration in DL500 in ON state resonance at 0.57 THz is identical to 
the OFF state resonance at 0.76 THz for both x-polarization and y-polarization 




Figure 3.6: Simulated surface current distribution for DL500 UI-MCMM in ON 
state, (a) at 0.43 THz for x-polarization incidence, (b) at 0.43 THz for y-polarization 
incidence, (c) at 0.57 THz for x-polarization incidence and (d) at 0.57 THz for y-
polarization incidence, respectively.  
 
both ON and OFF states of the UI-MCMM. Thus, the frequencies of resonance 
modes are red-shifted due to the increase in effective capacitance of the UI-
MCMM, owing to the reduced air gap between the released cantilever and Si 
substrate in ON state. It is also important to note that the amplitude of the induced 
currents at ON state resonance frequencies are higher than their respective OFF 
state resonance frequencies.  This reflects the strength of resonance also decreases 
with increased released angle.  
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3.2.3 THz transmission Characterization of UI-MCMM 
The fabricated DL500 and DS500 devices are wirebonded to PCB with hole 
and measured in THz-TDS setup as described in Section 2.4.2. The measured 
transmission responses for DL500 and DS500 at normal incidence in both ON and 
OFF states are shown in Figure 3.7(a) and (b), for x-polarization and y- polarization 
incidences, respectively. The eLC and dipolar mode resonances for both DL500 
and DS500 in ON state are identical and are observed at 0.44 THz and 0.57 THz, 
respectively. In OFF state, the eLC mode resonant frequency for DL500 and DS500 
is at 0.53 THz and 0.6 THz, respectively, while the dipolar mode resonance for 
DL500 and DS500 is observed at 0.75 THz and 0.94 THz, respectively. The 
measurement data is in good agreement with the simulated data for DL500 case as 
shown in Figure 3.4. 
The measured switching range for the eLC and dipolar mode for DL500 is 
0.09 THz and 0.18 THz, and for DS500 is 0.16 and 0.37 THz, respectively. The 
larger shift occurs in DS500 compared to DL500, because of the higher tip 
displacement of released cantilevers for DS500. Both DL500 and DS500 UI-
MCMM show almost identical THz spectral responses for x-polarization and y-
polarization incidences, thereby experimentally confirming the polarization 
independent characteristics with improved tuning range at eLC and dipolar mode 
excitations for these MCMMs. It is also interesting to note that the OFF state 
resonance of DS500 is much weaker than the DL500. Hence, with increasing air 
gap between the released cantilevers and Si substrate, the strength of the resonances 




Figure 3.7: Measured THz transmission spectra for DS500 and DL500 devices in 




3.2.4 Electro-optic performance optimization 
In an efficient modulator, the resonance strength has to be completely 
modulated at a given frequency.  In order to achieve complete modulation of 
resonances at multiple frequencies, the ideal case is to have non-observable 
resonance at one of the reconfiguration states. Hence, in the MCMMs if the release 
height is high enough, the OFF state resonances can be made immeasurable, i.e. the 
resonance strength can be made as small as the background noise signal of the 
measurement setup. This approach is ideal for the proposed UI-MCMM to operate 
as an effective modulator at multiple frequencies, simultaneously in the spectral 
region under consideration. However, with saturated release time, the DS500 
MCMM possess weak resonance at 0.6 THz in OFF state as shown in Figure 3.7.  
In order to further increase the initial tip displacement without changing the 
ON state resonant frequencies, the Al thickness can be reduced as described in 
section 2.4.1. Two more UI-MCMMs with reduced Al thickness of 100 nm and 
300 nm termed as DS100 and DS300, respectively were fabricated. As expected, 
the initial tip displacements of the cantilevers were measured to be approximately 
11 µm, 8 µm and 4.75 µm for DS100, DS300 and DS500 UI-MCMMs, 
respectively. The corresponding switching voltages for DS100, DS300 and DS500 
were measured as 40 V, 35 V and 30 V, respectively. The OM images of the 
fabricated DS100, DS300 and DS500 in corresponding OFF and ON states are 
shown in Figure 3.8. Even though the initial air gap for thinner Al cantilevers is 
doubled, the VPI is only slightly changed. The electrostatic force required for 





Figure 3.8: OM images of fabricated UI-MCMMs with varying tAl - (a) DS100 in 
OFF state, (b) DS100 in ON state, (c) DS300 in OFF state, (d) DS300 in ON state, 
(e) DS500 in OFF state and (f) DS500 in ON state, respectively. 
 
material layers make the cantilevers softer, i.e. reduced restoring force. Hence at a 
given voltage, the electrostatic force and restoring force reduce simultaneously and 
the pull-in voltage is only slightly increased. It is also important to note that at 
increased voltage, the Al2O3 dielectric layer should not break down.  The estimated 
breakdown voltage of Al2O3 dielectric layer is around 0.7 V/nm;[137] hence, it is 
important to operate the devices below these voltages. For the reported MCMMs, 
the minimum spacing between the suspended Al electrode and Si substrate occurs 
at near the anchor point which is 50 nm Al2O3 and 100 nm air gap, and the air gap 
increases towards the cantilever tip. Nearly 40 V is used to switch the MCMM to 
77 
 
ON state. In the ON state, the 50 nm thick ALD Al2O3 is enough to withstand 40 
V, as ALD provides high quality, pin-hole free and conformal dielectric layer. 
Potential limitation can be easily overcome by increasing the Al2O3 layer thickness.   
The THz transmission spectra were measured for DS100, DS300 and 
DS500 in ON and OFF states for x-polarization and y-polarization incidences and 
are shown in Figure 3.9(a) and (b). The ON state resonances for all three devices 
occur approximately at the designed values of 0.43 THz and 0.57 THz for eLC and 
dipolar mode, respectively. The slight shift in the ON state resonant frequencies for 
these devices, can be attributed to the variation in Al thickness as described in 
section 2.2.1.5. But the influence of metal thickness difference on the ON state 
resonance frequencies is very minimal.  However, the OFF state transmission 
spectra for DS500, DS300 and DS100 are drastically varied. For DS500, the weak 
OFF state eLC and dipolar resonances are observed as shallow dips at 0.6 THz and 
0.94 THz, respectively. In case of DS300 and DS100, the intensity of eLC 
resonance is so weak that it cannot be resolved in the measurement and the dipolar 
resonance is shifted beyond the spectral region under consideration. In the spectral 
region of 0.3 – 1 THz, both DS300 and DS100 devices do not show any detectable 
resonance behaviors in their respective OFF states.  Also, DS100 in OFF state 
provides the highest transmission without any observable resonance as shown in 





Figure 3.9: Measured THz transmission spectra for DS100, DS300 and DS500 in 





Figure 3.10: Calculated transmission change between measured ON and OFF state 
spectra for DS100, DS300 and DS500 UI-MCMMs for (a) x-polarization and (d) y-
polarization incidences, respectively. 
 
In order to characterize the switching performance of the fabricated UI-
MCMMs, the absolute change in measured transmission between the ON and OFF 
states were calculated as |∆T| = |TOFF − TON|. Figure 3.10(a) and (b) shows the 
|∆T(ω)| for all UI-MCMMs for x-polarization and y-polarization incidences, 
respectively. The calculated switching contrast at ON state eLC mode resonance 
(0.4 THz) is approximately 0.2. The switching contrast at 0.57 THz is increased 
from 0.7 in DS500 to 0.8 in DS100 for both x-polarization and y-polarization 
incidences. The value of |∆T(ω)| can be increased close to its ideal value of ‘1’ by 
reducing the Al thickness to achieve higher transmission in OFF state and 
increasing the ON state resonance strength to make the transmission to almost zero.  
However, the skin depth at THz spectral region will limit the reduction in thickness 
of Al layer. Below this limit, the ON state resonance will start to get weaker, thereby 
adversely affecting the |∆T| value.  
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The possibility of arranging resonator structures in any desired orientation 
in the out-of-plane MRMs allowed for the realization of polarization insensitive 
switching of multiple resonances, which is inaccessible using the in-plane MRMs. 
Hence, the UI-MCMM is highly attractive for various electro-optic switches, 
isotropic filters and modulators to be used in THz spectroscopy and ellipsometry 
applications. 
3.3 Anisotropy switching microcantilever metamaterial 
Active control of THz anisotropy has been reported by breaking the 
symmetry of the metamaterial unit cell or changing the lattice constant along one 
of the orthogonal directions i.e. along either x-direction or y-direction using in-
plane MRMs. Hence, the earlier MRMs are always responsive for incident 
polarization in one of the directions, while the orthogonal polarization response is 
actively controlled. [79, 81] Complete control of anisotropy demands for the 
metamaterial unit cell geometry to be reconfigured along both orthogonal 
directions, independently with respect to each other. In this sub-section, linear 
polarization response switching is presented by selectively reconfiguring the two 
cantilevers placed along x- and y-directions. The proposed anisotropy switching 
microcantilever metamaterial (AS-MCMM) can be actively reconfigured to be 
responsive to only x-polarized incidence or only y-polarized incidence or both x- 
and y-polarized incidence or neither x- nor y-polarization of incidence THz waves, 
thereby achieving complete control over the anisotropy at a given THz frequency. 
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3.3.1 AS-MCMM unit cell design 
 
Figure 3.11: Schematic drawing of the proposed AS-MCMM formed by two 
independently reconfigurable cantilevers—MCX and MCY. The orthogonal 
placement allows for active switching the linear polarization response of the 
MCMM.  
 
The AS-MCMM unit cell consists of four geometrically identical ‘T’-
shaped microcantilevers placed with π/2 rotational symmetry.  Length of each 
cantilever (lC) is 34 µm, length of tip (tl) is 20 µm and width (wC) is 3 µm.  Two 
cantilevers, FCX and MCX, are placed facing each other along the x-direction, 
while other two cantilevers, FCY and MCY, are placed facing each other along y-
direction as shown in Figure 3.11. The FCX and FCY cantilevers are fixed to the 
Si substrate at all times, while the MCX and MCY cantilevers are released and can 
be actively reconfigured. The microcantilevers are suspended bimorph structures 
made of 500 nm Al over 50 nm Al2O3 dielectric layer fabricated on lightly doped 
Si substrate. When released, the MCX and MCY cantilevers curve up in the out-of-
plane direction due to the residual stress gradient in the bimaterial layers. The OM 
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of the fabricated AS-MCMM after the release step is shown in Figure 3.12(a) and 
the SEM image of AS-MCMM unit cell is shown in Figure 3.12(b). The phase 
image from R-DHM unit shows a quantitative description of the release height as 
gradual change in phase from anchor to the tip position as shown in Figure 3.12(c). 
The initial tip displacement of the released MCX (red curve) and MCY cantilevers 
(blue curve) was measured to be hC ~ 3 µm as shown in Figure 3.12(d). The small 
 
Figure 3.12: Fabricated AS-MCMM after release step. a) OM image of AS-MCMM 
with MCX and MCY cantilevers in OFF state. b) SEM image of the unit cell with 
MCX and MCY in OFF state and the air gap between the MCX, MCY cantilevers 
and Si substrate can be clearly observed. c) R-DHM phase profile of the 
corresponding unit cell, d) Measured out-of-plane deformation of the MCX 
cantilevers in OFF state (red-hollow square) and ON state (orange-solid square) 




mismatch between the release height of MCX and MCY cantilevers is attributed to 
the fabrication imperfection. The MCX cantilevers in all the metamaterial unit cells 
are electrically connected to each other through metal lines, which are isolated from 
the metal line connecting all the MCY cantilevers. This isolation allows for 
independent actuation of MCX and MCY cantilevers. 
 To selectively reconfigure the MCX cantilevers, potential difference of ~30 
V is applied across MCX bondpad and Si substrate, while the MCY bondpad is 
kept at same potential as Si substrate. Similarly, the MCY cantilevers can also be 
selectively reconfigured. Figure 3.12(d) shows the measured out-of-plane 
deformation profile for the MCX (orange curve) and MCY cantilevers (green 
curve) in ON state. The flat profile of the cantilevers confirms the physical contact 
of cantilevers on the Si substrate. The negative 100 nm displacement measured in 
the ON state for both cantilevers represents the sacrificial layer thickness, which is  
 
Figure 3.13: The schematics of the unit cell of AS-MCMM along with OM image 
in each reconfiguration state is shown in (a) MCX-OFF/MCY-OFF, (b) MCX-
ON/MCY-OFF, (d) MCX-OFF/MCY-ON and (e) MCX-ON/MCY-ON. 
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removed during the release process. The MCX and MCY cantilevers acts as the 
active element to dynamically switch the transmission response for x- and y-
polarized THz incidences, respectively. Thus the AS-MCMM can be reconfigured 
in four possible states – MCX-OFF/MCY-OFF, MCX-ON/MCY-OFF, MCX-
OFF/MCY-ON and MCX-ON/MCY-ON as shown in Figure 3.13(a) - (d).  The 
other two cantilevers FCX and FCY are always fixed to the substrate and are used 
to provide the desired rotational symmetry of the MCMM.  
 
3.3.2 x-polarization response of AS-MCMM 
The AS-MCMM is characterized using THz-TDS in transmission mode for 
normally incident THz waves with predefined x-polarization (electric field is along 
the FCX-MCX cantilever direction) or y-polarization (electric field is along the 
FCY-MCY cantilever direction) as shown in Figure 3.11. The simulated and 
measured transmission spectra of the AS-MCMM in different reconfiguration 
states for x-polarization incidence are shown in Figure 3.14(a) and (b). The 
measured transmission spectra of the AS-MCMM in all four reconfiguration states 
closely match with the simulation results. However, the small mismatch between 
the simulated and measured spectra can be attributed to the variation in the 
geometrical parameters and the deviation of the material properties used in 




 Figure 3.14: x-polarization response of AS-MCMM. (a) Simulated and (b) 
Measured transmission spectra of AS-MCMM for x-polarization incidence (electric 
field along FCX-MCX cantilever direction) in all four states: MCX-OFF/MCY-
OFF (black-square), MCX-ON/MCY-OFF (red-circle), MCX-OFF/MCY-ON 
(blue-triangle) and MCX-ON/MCY-ON (green-pentagon). (c) – (h) simulated 
surface current distribution at each resonant frequency at different states. 
 
To understand the resonance mechanisms and determine the influence of 
physical positions of MCX and MCY for x-polarization incidence, the surface 
current at the simulated resonant frequencies were studied. For MCX-OFF/MCY-
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OFF state, the simulated transmission spectrum (black-square curve) shows two 
distinct resonances at 0.726 THz and 0.88 THz. The surface current distribution at 
0.726 THz is shown in Figure 3.14(c) and it can be observed that there is a strong 
current induced in the FCX cantilever and a weaker current in the MCX-OFF 
cantilever. The reduction in current is caused due to the air gap beneath the MCX-
OFF cantilever compared to the FCX cantilever that is in direct contact with Si 
substrate. The FCX and MCX-OFF cantilever effectively act as a single resonator. 
At 0.886 THz, there is only a weak current induced in the MCX-OFF cantilever, 
which acts as an independent resonator as shown in Figure 3.14(d). This causes 
the resonance to be at a higher frequency owing to the reduced effective dimension 
of the resonator. It is important to note that the metal lines along with a small in-
plane gap contributes to the resonances and the in-plane gap is unavoidable due to 
the desired electrical isolation between MCX and MCY cantilevers.  
When the metamaterial is reconfigured to MCX-ON/MCY-OFF state by 
selectively switching the MCX cantilever to ON state, the simulated transmission 
spectrum (red-circle curve) shown in Figure 3.14(a) has a single resonance at 0.676 
THz. Strong and identical surface current is induced in both FCX and MCX-ON 
cantilever at 0.676 THz as shown in Figure 3.14(c). As the MCX cantilever is 
switched to ON state, the air gap is drastically reduced, thereby causing the 
effective capacitance of the resonator to increase and lower the resonance 
frequency. As the MCX cantilever contributes to both the resonances in MCX-
OFF/MCY-OFF state, the switching of MCX cantilever will cause a red shift in 
both the resonance frequencies. However, the amount by which the resonance 
87 
 
frequency reduces, depend on the effective dimensional change relative to the 
original dimension of the resonators. Hence, the resonance at 0.726 THz will have 
a smaller red shift compared to the 0.886 THz and here both these resonances merge 
to a single resonance at 0.676 THz.   
In the other reconfiguration state where the MCY cantilevers are switched 
to ON state, while retaining the MCX cantilevers at OFF state shows two distinct 
resonances at 0.724 THz and 0.866 THz in the simulated transmission spectrum 
(blue-triangle curve) shown in Figure 3.14(a). The surface current distribution at 
0.724 THz for MCX-OFF/MCY-ON state is shown in Figure 3.14(f) and is 
identical to the distribution of surface current at 0.726 THz for MCX-OFF/MCY-
OFF state shown in Figure 3.14(c). Similarly, the current distribution at 0.866 THz 
for MCX-OFF/MCY-ON state shown in Figure 3.14(g) is almost identical to that 
of MCX-OFF/MCY-OFF state at 0.88 THz shown in Figure 3.14(d). This is quite 
expected, since the orthogonal positioning of the FCY-MCY cantilever with respect 
to incident electric field in x-polarization remains non-responsive and hence has 
relatively minimal contribution to the resonances.  
Finally, when both the MCX and MCY cantilevers are in ON state, the 
transmission spectrum of metamaterial shows a single resonance at 0.644 THz as 
shown in green-pentagon curve in Figure 3.14(a). The strong current distribution 
is seen along the FCX-MCX cantilevers as shown in Figure 3.14(h). Hence, for the 
x-polarization incidence, the measured resonance at 0.8 THz can be selectively 
switched by controlling the physical position of the MCX cantilever, while the 
position of MCY cantilever has no significant impact.  
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3.3.3 y- polarization response of AS-MCMM 
For the y-polarization incidence, the electric field is along the FCY-MCY 
cantilever direction and perpendicular to FCX-MCX cantilever. The simulated and 
measured transmission spectra of the AS-MCMM in different reconfiguration 
states for y-polarization incidence are shown in Figure 3.15(a) and (b). For the AS-
MCMM in MCX-OFF/MCY-OFF state, the simulated transmission spectra shown 
as the black-square curve in Figure 3.15(a), indicates two distinct resonances at 
0.74 THz and 0.886 THz. The current distribution at 0.74 THz shown in Figure 
3.15(c), shows a stronger current in the FCY cantilever and weaker current in 
MCY-OFF cantilever. The lack of symmetry in the unit cell also allows the MCY 
cantilever to behave as an independent cantilever with OFF state resonance 
frequency at 0.886 THz, which is seen from the weak current induced only in the 
MCY-OFF cantilever in Figure 3.15(d).  Compared to the x-polarization 
excitation, the influence of the metal interconnects is highly reduced as there is not 
in-plane gap along the y-direction in the unit cell geometry.  
When the MCX cantilever is selectively switched to ON state, the 
transmission response of AS-MCMM in MCX-ON/MCY-OFF state is shown as 
red-circle curve in Figure 3.15(a) and indicates two resonances at 0.736 THz and 
0.84 THz. The current distribution at these resonance frequencies are shown in 
Figure 3.15(e) and (f), and are identical to the current distribution at resonances for 
MCX-OFF/MCY-OFF case. Hence, for y-polarization incidence, the MCX-FCX 




Figure 3.15: y-polarization response of AS-MCMM. (a) Simulated and (b) 
Measured transmission spectra of the metamaterial for y-polarization incidence 
(electric field along FCY-MCY cantilever direction) in all four states: MCX-
OFF/MCY-OFF (black-square), MCX-ON/MCY-OFF (red-circle), MCX-
OFF/MCY-ON (blue-triangle) and MCX-ON/MCY-ON (green-pentagon). (c) – (h) 
simulated surface current distribution at each resonant frequency at different states.  
 
When MCY cantilever is switched to ON state with MCX in OFF state, only 
a single resonance is observed at 0.65 THz. Similarly, when the metamaterial is 
switched to MCX-ON/MCY-ON configuration, there is only a single resonance at 
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0.61 THz as shown in green-pentagon curve in Figure 3.15(a). The current 
distribution in the metamaterial at 0.65 THz for MCX-OFF/MCY-ON 
configuration and 0.61 THz for MCX-ON/MCY-ON configuration are quite 
identical as shown in Figure 3.15(g) and (h). In both cases, the FCY and MCY-ON 
cantilever form a single dipole mode resonator that is strongly excited. Thus for y-
polarization incidence, the measured resonance at 0.8 THz can be selectively 
switched by controlling the MCY cantilever, while the position of MCX cantilever 
has minimal influence. 
3.3.4 Anisotropy Switching characteristics of AS-MCMM 
The isolated control of MCX and MCY cantilevers allows for the breaking 
and recovery of the rotational symmetry in the AS-MCMM unit cell on demand 
and hence provides dynamic switching of THz anisotropy. The anisotropy (A) of 
the metamaterial is defined as the ratio of transmission response of the metamaterial 
for x-polarization and y-polarization of incident THz waves. i.e.  A = Tx / Ty, where 
Tx and Ty are the transmission intensities of the AS-MCMM for x-polarization and 
y-polarization of incident THz waves, respectively. The measured anisotropy in 
AS-MCMM, while switching MCX and MCY cantilevers is shown in Figure 3.16. 
At 0.8 THz for MCX-OFF and MCY-ON states, the resonance is observed for x-
polarization incidence (low transmission, Tx), but no resonance occurs for y-
polarization incidence (high transmission, Ty). Hence, the calculated anisotropy is 
2.65 at 0.8 THz. When the MCX cantilever is switched to ON state, the resonance 
at 0.8 THz disappears and hence the anisotropy is almost unity due to the high 




Figure 3.16: Calculated anisotropy of the AS-MCMM when MCX cantilever is in 
OFF state (black-square), MCY cantilever is in OFF state (blue-circle) and both 
MCX and MCY cantilevers in ON state (red-triangle), respectively. 
 
curve in Figure 3.16. Similarly, when MCY cantilever is in OFF state, the 
resonance occurs at 0.8 THz for y-polarization incidence, and the measured 
anisotropy is 0.8, which is close to unity. The non-unity value for measured 
anisotropy, when both MCX and MCY cantilevers are in ON state and the 
mismatch between the values of anisotropy for MCX switching and MCY 
switching cases are primarily caused due to the asymmetry caused due to the 
isolation of the metal interconnects along x- and y-directions. This can be overcome 
by having bi-metallic layers, where the bottom metal layer can host the MCX 




In summary, MCMMs for novel polarimetric functionalities are 
experimentally demonstrated. Firstly, an octagon shaped metamaterial unit cell 
with integrated microcantilevers is explored for the demonstration of uniaxially-
isotropic switching of dual resonance modes. Then, complete control of linear 
polarization response or anisotropy is realized through isolating the control between 
two orthogonally placed microcantilevers into a single unit cell. The proposed 
MCMMs are highly attractive for the realization of THz polarimetric devices, such 




4. Microcantilever Metamaterial for 
tunable THz slow light applications  
4.1 Motivation 
Slow light devices operating in THz spectral region are critical for the 
realization of wide range of high-speed wireless communication devices, such as 
modulators, optical buffers, delay-lines and tunable bandwidth filters. Recently, 
electromagnetically induced transparency (EIT) phenomenon observed in atomic 
systems has been reported to exhibit strong slow light behavior. [138-140] EIT is a 
quantum interference, where in the influence of the strong pump beam can render 
a thick opaque/resonant medium to be transparent to the incoming beam of 
electromagnetic radiation. The two possible excitation pathways destructively 
interfere to cancel the absorption within the medium. Besides the cancellation of 
the absorption, the medium shows steep anomalous dispersion within the 
transmission line-width that greatly slows down the light to several orders of 
magnitude. So far, the lowest speed for the light pulse (around 17 m/s) has been 
achieved in an atomic condensate using EIT type of interference effects.[138] 
However, these atomic systems require extremely cold temperatures and high 
power pumps, hence cannot be readily used for practical applications. This kind of 
effects can also be observed in classical systems, such as coupled harmonic 
oscillators/coupled LC circuits.[141] Since metamaterial is an optical analogue of 
these electrical circuits, EIT type of destructive interference can also be observed 
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in these strongly coupled systems. These effects are termed as metamaterial 
induced transparency[32, 34-36] or plasmon induced transparency,[33, 37, 142] 
where the classical resonators interact strongly to eliminate the absorption within 
the metamaterial unit cell.  
Metamaterial induced transparency is an a classical analogue to EIT in atomic 
systems and provides slow light behavior that is highly desired for broadband 
communication channels.[142, 143] The group delay for the pulses is given by tg = 
-dɸ/dω, where ɸ is the phase and ω is the angular frequency of the pulse. The delay 
band width product (DBP) is defined as the product of maximum group delay and 
the spectrum bandwidth (DBP = tg x ∆f). DBP is a figure of merit to determine the 
efficiency of the devices for telecommunication channels, where the higher value 
of DBP implies that the device is more efficient to store and transmit the 
information through the signal channel. In other words, it represents the volume of 
bits/data that can be transferred before the first bit reaches the receiver. Larger the 
DBP, larger the number of bits in the transmission channel, which ensures the 
efficient transmission control protocol (TCP) networks. 
Active control of EIT analogue in THz metamaterial enables tunable group-
delay that is highly desirable for practical slow light devices to be used in high-
speed wireless communication systems. Active control of EIT analogue in 
metamaterial can be achieved by actively controlling one of three primarily 
parameters in the near-field coupled metamaterial - bright mode resonance 
frequency, dark mode resonance frequency and intercoupling distance between 
them. Earlier reports on active control of EIT using metamaterial, predominantly 
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utilize optically controlled photoconductive materials that are integrated either into 
resonator geometry[51-53, 88] or intercoupling space[144] in inductive coupled 
metamaterials. Thermally controlled superconductors are also reported for the 
realization of actively control EIT in planar metamaterials.[77, 91, 145] Recently, 
numerical analysis of in-plane MRM was reported to provide active modulation of 
EIT peak by varying the intercoupling distance between the resonators.[146] 
In this chapter, active control of near-field coupled metamaterials using 
microcantilever as active elements are presented. Firstly, experimental realization 
of active modulation of near-field coupling in conductively coupled MCMM (CC-
MCMM) is elaborated.  In the second part, an inductive coupled MCMM (IC-
MCMM) with isolated control of bright and dark mode resonators is reported for 
advanced manipulation of EIT analogue in THz spectral region. The single IC-
MCMM can achieve EIT intensity modulation and EIT spectral tuning through 
selective reconfiguration of bright and dark resonances. 
4.2 Active control of near field coupling in CC-MCMM 
In a near-field coupled resonator system, the intercoupling distance 
determines the strength of coupling. The strongest coupling occurs when 
intercoupling distance is zero i.e. the resonators touch each other, also known as 
conductively coupled regime.[147-149]  In this sub-section, the design, modelling 
and experimental characterization of conductively coupled MCMM (CC-MCMM) 
for active control of near-field coupling in the conductively coupled resonators is 
described in detail.  
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4.2.1 CC-MCMM unit cell design 
The CC-MCMM unit cell consists of two conductively coupled SRRs that 
are placed orthogonally twisted with respect to each other as shown in Figure 4.1. 
The bright SRR is completely fixed to the substrate, while the side arms along with 
the tip forming the split gap of the dark SRR are released to provide active 
reconfiguration as schematically shown in Figure 4.1(b). One of the side arms of 
bright SRR also forms the base of dark SRRs and this also provides the conductive 
path for electrical control signal to actively reconfigure the dark SRR cantilevers. 
The geometrical definitions for the SRRs are shown in Figure 4.1. The base length 
of the bright SRR (blB) = 5 µm, side arm length (SlB) = 20 µm and split gap (gB) = 
5 µm. The base length of dark SRR (blD) = 20 µm, side arm length (SlD) = 25 µm, 
tip length (tlD) = 3 µm and the split gap (gD) = 3 µm.  The SRRs are made of bilayer 
materials – 500 nm Al on top of 50 nm Al2O3. The initial tip displacement of 
released cantilever (hD) is measured to be ~ 2.2 µm. The OM image of the fabricated 
CC-MCMM and the corresponding unit cell after the release step is shown in 
Figure 4.2(a) and (b). 
 
Figure 4.1: Schematics of the CC-MCMM in (a) ON state and (b) OFF state with 





Figure 4.2: (a) OM image of the CC-MCMM metamaterial with curved up 
cantilevers and (b) zoomed in OM image of CC-MCMM unit cell.  
 
4.2.2 Understanding of coupling dynamics in CC-MCMM 
Simulations were performed using CST MWS to ensure the resonances of 
individual bright and dark mode resonators match each other and then to elucidate 
the influence of changing dark mode resonance in the conductively coupled system. 
The polarization of the incident THz waves is along the gap-bearing side of the 
bright SRR i.e. along x-direction as shown in Figure 4.1 and this allows for the 
direct excitation of LC mode resonance of the bright SRR.  However, for the same 
polarization of THz incidence, LC mode resonance of dark SRR is not directly 
accessible.[85, 86] In order to achieve strong coupling between the resonators, the 
resonance frequency of the bright and dark SRRs should be identical. In the earlier 
reports using inductively coupled orthogonal twisted SRRs, the same geometrical 
dimensions are used for both SRRs.[150, 151] However, in our case, the resonance 
frequencies of SRRs will also be influenced by the routing lines and shared 
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geometry with the other SRR and thus needs to be optimized. The simulation setup 
and options were described in Section 2.2.  
4.2.2.1 Bright SRR resonance  
The simulated transmission spectrum for individual bright SRR with metal 
line is shown in Figure 4.3 for incident THz waves with electric field polarized 
along gap of SRR. It can be seen that there is strong resonance dip at 0.68 THz and 
the circulating surface current shown in the inset confirms the LC mode resonance 
of the bright SRR. 
 
Figure 4.3: Simulated transmission response of bright SRR for the incident electric 
field along the gap bearing side and the inset shows the induced circulating current 
at the resonance frequency, indicating the excitation of LC mode resonance.  
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4.2.2.2 Dark SRR resonance  
In case of dark SRR, the THz waves were incident with electric field along 
y-direction, which is along the gap bearing size of the dark SRR. The transmission 
spectra were simulated with varying release angle of the microcantilevers for dark 
SRR and is shown in Figure 4.4. It can be seen that when the release angle is 0°, 
the resonant frequency is 0.68 THz, which matches with the LC mode resonance of 
bright SRR. As the angle increases, the gap between the microcantilever and Si 
substrate increases, the LC mode resonant frequency of dark SRR blue shifts to 
0.75 THz and 0.84 THz for θD = 0.5° and 1°, respectively as shown in Figure 4.4. 
 
Figure 4.4: Simulated transmission response of dark SRR for the incident electric 
field along the gap bearing side at varying release angle (θD) and the insets shows 




4.2.2.3 Conductive coupled SRRs 
The transmission response for conductively coupled SRRs was simulated 
for different release angles of dark SRR cantilevers for normally incident THz 
waves with the electric field polarized along the gap of bright SRR (Ex) and is 
shown in Figure 4.5. It can be observed that for θD = 0°, there is a sharp 
transmission peak amidst the absorption spectrum at 0.68 THz. The simulated 
surface current shows strong circulating current in the dark SRR, which is actually 
not directly accessible by the polarization of incident electric field and hence has to 
be excited through strong conductive near field coupling of bright SRR to the dark 
SRR. As the angle increases, the resonant frequency of the dark SRR blue shifts 
and the mismatch between the bright and dark resonances significantly weakens the 
coupling between the resonators, thereby causing the EIT peak to be strongly 
modulated at 0.68 THz. Even for θD = 0.5° release angle, the circulating surface  
 
Figure 4.5: (a) Simulated transmission response of CC-MCMM with varying 
release angle (θD) of dark SRR cantilevers. Simulated surface current of MCMM at 
0.68 THz for the MCMM in (b) ON state and (c) OFF state, respectively. 
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current configuration at the transmission dip at 0.68 THz confirms the strong LC 
mode resonance of bright SRR and the reduced influence of dark SRR. Hence, the 
CC-MCMM provides electrically controlled total modulation of EIT analogue 
operating in THz spectral region. 
4.2.3 Experimental characterization of CC-MCMM 
In order to provide active reconfiguration, electrostatic actuation 
mechanism by applying a voltage across the released microcantilevers and Si 
substrate is used.  When the applied voltage is higher than the pull-in voltage (~ 40 
V), the cantilevers come in contact with the Si substrate. Based on the input voltage 
two states are defined as - OFF state, when no voltage is applied and ON state when 
the input voltage is higher than the pull-in voltage. The 3D profile of the device in 
 
Figure 4.6: Measured cantilever deformation in OFF state (black-dash curve) and 
ON state (red-solid curve) with the phase figures of each state shown in insets. 
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OFF state confirms the out-of-plane deformation of released cantilevers shown as 
black-dash curve in Figure 4.6 and when the applied voltage is higher than 40 V, 
the cantilevers switch to ON state, shown as red-solid curve in Figure 4.6. The 
respective phase images are shown for the cantilevers in OFF and ON states.  
In order to experimentally characterize the THz transmission responses of 
the fabricated device, THz-TDS was used. THz wave was incident normally to the 
sample with predetermined polarization (x-polarization). The released metamaterial 
chip was bonded to a PCB with a hole of 5 mm x 5 mm in center. The bonded 
sample was then placed in the nitrogen-filled chamber. The dark SRR 
microcantilevers were biased with a positive potential, while Si substrate is kept as  
  
Figure 4.7: Measured THz transmission response of CC-MCMM in OFF state 
(black-dash curve) and ON state (red-solid curve), respectively.  
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ground terminal. The transmission spectra were measured at ON and OFF states of 
dark SRR and is shown in Figure 4.7. The measured data was then normalized with 
transmission through bare Si substrate of same thickness as the CC-MCMM 
sample. It can be observed that in the ON state, the EIT peak occurs at 0.68 THz 
which is completely modulated when the microcantilevers are in OFF state. The 
measured transmission spectra in ON and OFF states match quite well with the 
simulated data. EIT modulation of ~ 50 % is experimentally achieved at 0.68 THz. 
The active modulation of the transmission properties of the coupled system 
is used to demonstrate the dynamic control of the slow light behavior in these 
systems. Figure 4.8 shows experimentally measured (and inset shows the 
simulated) group delay of the THz pulses propagating through the CC-MCMM. 
 
Figure 4.8: Measured group delay in CC-MCMM in OFF state (black-dotted 
curves) and ON state (Red-solid curves).  
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The maximum group delay of 2.5 ps was experimentally achieved in ON state, 
while there was no delay observed in the OFF state. The DBP for the CC-MCMM 
in ON and OFF states were calculated to be 0.588 and 0.334, respectively. Thus, 
the CC-MCMM allows for almost 50% change in DBP, which makes it highly 
suitable for bandwidth tunable THz communication channels. 
4.3 Inductively coupled microcantilever metamaterial  
Active control of EIT analogue in metamaterial so far enables the tuning of 
only a single parameter of the coupled resonator system.[51-53, 77, 91, 145, 152] 
In order to achieve independent control of constituent resonator, electrical signaling 
is the ideal approach. In this section, independent control of bright and dark mode 
resonators in an inductively coupled microcantilever metamaterial, termed as “IC-
MCMM” will be elaborated. All three primary parameters of the coupled resonator 
system - bright mode resonant frequency, dark mode resonant frequency and 
intercoupling distance between them, can be individually controlled. By selectively 
controlling the bright mode resonance, the EIT amplitude can be modulated, while 
the tuning of dark mode resonance causes the EIT peak to spectrally shift. 
Furthermore, simultaneous switching of bright and dark mode resonators results in 
dynamic switching of the system between coupled to uncoupled states.  In order to 
achieve these functionalities, the bandwidth, resonance frequency and strength of 
both bright and dark mode resonators needs to be properly designed. In this section, 
design, modelling and characterization of IC-MCMM for EIT modulation, EIT 
spectral tuning and tunable slow light behavior is presented in detail.   
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4.3.1 IC-MCMM unit cell design 
The IC-MCMM consists of 80 x 80 periodic array of cut wire resonator 
(CWR) with closely placed adjacent SRRs, as schematically shown in Figure 4.9. 
The periodicity of unit cell, p = 100 µm along both axial directions. The CWR has 
length, lC = 60 µm and width, wC = 5 µm, respectively. The SRR has a base length, 
bS = 30 µm, side length, lS = 20 µm and split gap, gS = 4 µm. The SRRs are placed 
at a distance of S = 2 µm from the CWR. When the polarization of the excitation 
field is along the CWR arm, the dipole mode of CWR behaves as the bright mode, 
and LC mode resonance of the SRRs act as the dark mode. Thus for the incident 
polarization of the THz wave, the direct excitation of the bright mode induces 
image charges on the nearby SRRs through near field inductive coupling, thereby 
exciting the LC resonance of the SRR. These bright-dark resonances have 
contrasting line widths but identical resonance frequencies, and under strong 
 
Figure 4.9: (a) Illustrative schematics of the proposed IP-MCMM with 
independently reconfigurable CWR and SRR released microcantilevers and 
metamaterial unit cell with both CWR and SRR microcantilevers in (b) OFF states 
and (c) ON states, respectively with the geometrical parameters definitions. 
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coupling regime, they experience an EIT-type of interference to rise to a sharp 
transmission peak amidst the broader absorption dipolar resonance of the CWR. By 
dynamically tuning the coupling strengths and independently controlling the 
resonance frequencies of the bright and dark resonators, the transparency peak can 
be either modulated in amplitude and spectrally shifted. The metamaterial is made 
of bimaterial layers - 500 nm Al on top of 50 nm Al2O3, fabricated on top of Si 
substrate with similar fabrication process described in Section 2.3.  In order to 
actively tune the resonance frequencies of CWR and SRRs, a part of each resonator 
is released to form the microcantilever structure and is then actuated by electrostatic 
mechanism. For the CWR, one end is fixed to the substrate and the CWR along the 
entire length is released. In case of SRRs, the base side is fixed, while the side arms 
along with the gap bearing tip sides are released. The released cantilevers integrated 
with CWR and SRRs forming the MEMS metamaterial unit cell as schematically 
shown in Figure 4.9(c).  
 
Figure 4.10: (a) Optical microscope image of the fabricated IP-MCMM and (b) 
SEM image of fabricated unit cell of metamaterial with both CWR and SRR 
microcantilevers in OFF state. 
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The gradient of the curvature of the fabricated microcantilevers along the 
tip to anchor point can be seen in Figure 4.10. The initial tip displacement of the 
fabricated CWR and SRR microcantilevers is measured to be hC ~ 10 µm and hS ~ 
2.2 µm. Electrostatic actuation by applying a voltage across the released cantilevers 
and Si substrate is used to provide active reconfiguration. The metal interconnects 
connecting all the CWR cantilevers are electrically isolated from the metal 
interconnects connecting all the SRR cantilevers and this allows for the independent 
switching of CWR and SRR cantilevers.  Hence, the IC-MCMM can be in one of 
the four possible configurations – CWR-ON/SRR-ON, CWR-ON/SRR-OFF, 
CWR-OFF/SRR-ON, and CWR-OFF/SRR-OFF as shown in Figure 4.11(a) - (d).  
 
Figure 4.11: Schematics, OM image of the array and unit cell of the fabricated IC-
MCMM in different states: CWR-ON/SRR-ON, CWR-OFF/SRR-ON, CWR-
ON/SRR-OFF and CWR-OFF/SRR-OFF.  
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4.3.2 Exploration of coupling behavior in IC-MCMM 
Simulations were performed using CST MWS to study the effect of 
changing physical position for bright and dark resonator cantilevers in IC-MCMM. 
The physical position of the released CWR and SRR microcantilevers are defined 
by their respective release angles, θC = tan-1(hC/lC) and θS = tan-1(hS/lS). The settings 
for the simulation are identical to the one mentioned in Section 2.2.1.  
4.3.2.1 Effect of bright mode cantilever reconfiguration  
The resonance frequency of CWR is actively controlled by changing the 
out-of-plane displacement of the CWR cantilever, while the SRR microcantilevers 
were kept fixed to the Si substrate. Simulations were carried out with the 
continuously varying θC from the initial state of 0° to 2°, while θS was kept a 
constant at 0°. The simulated transmission spectra for the metamaterial with 
varying θC are shown in Figure 4.12(a). It can be seen that when θC = 0° and θS = 
0°, there is a sharp transmission peak within the broader absorption spectrum at 
0.55 THz. The surface current excitation is shown in Figure 4.12(b) and there is a 
strong current along the CWR and circulating current in the SRRs. The induced 
current in CWR is same as the direction of the excitation field, which confirms the 
dipolar mode resonance excitation at 0.55 THz. On the other hand, the gap bearing 
side of SRR is perpendicular to the polarization of the excitation field and the 
resulting strong circulating current should be caused due to the strong inductive 
coupling of SRRs with the bright CWR. The EIT peak has an amplitude of 0.7 at 




Figure 4.12: (a) Simulated transmission spectra of IC-MCMM with varying θC from 
0° to 2°, while θS is kept at 0°. The simulated surface current for (b) θC = 0° at 0.55 
THz and (c) θC = 2° at 0.63 THz, respectively. 
 
strongly blue shifted and the amplitude of incident THz waves coupled to CWR at 
0.55 THz drops significantly. This weakens the excitation of the dark mode LC 
resonance of SRRs at 0.55 THz. Additionally, the physical out-of-plane 
displacement of CWR microcantilevers could further weaken the coupling strength 
between the CWR and SRRs. However, the effect of increase in physical 
displacement should be minimal, as the distance is an order of magnitude smaller 
than the incident THz wavelength. As the dipolar mode resonance of the CWR is 
much broader than SRR LC mode resonance, EIT peak is observed even at higher 
θC. However, the amplitude of transparency peak decreases significantly, when θC 
increases beyond 2° as shown in Figure 4.12(a). At θC = 2°, there is no more 
observable transparency peak in the spectral region of interest. The simulated 
surface current at 0.63 THz in Figure 4.11(c) also shows that the resonance is 
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directly excited in the metal interconnects in the SRRs by the incident THz waves. 
Conventionally, the modulation of EIT analogue is achieved by controlling the 
resonance strength of the dark mode resonator or altering the coupling distance 
between the resonators. Here, a novel approach for EIT modulation is demonstrated 
by actively changing the strength of the bright mode resonator at a specific 
frequency, while keeping the resonance strength and frequency of the dark mode 
unchanged. 
4.3.2.2 Effect of dark mode cantilever reconfiguration 
To study the effect of tuning the dark mode resonant frequency, θS was 
continuously varied from 0° to 4°, while keeping θC at 0°. The simulated 
transmission spectra for the metamaterial with varying θS are shown in Figure 
4.13(a). It can be observed that as θS increases from 0° to 4°, EIT peak blue shifts 
 
Figure 4.13: (a) Simulated transmission spectra of IC-MCMM with varying θS from 
0° to 4°, while θC is kept at 0°. The simulated surface current for IC-MCMM for 
(b) θS = 0° at 0.55 THz and (c) θS = 2° at 0.66 THz, respectively. 
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from 0.55 THz to 0.663 THz. The CWR resonance is much broader than the SRR 
resonance and hence even when θS is increased, the blue shifted SRR resonance 
frequency falls within the wider absorption spectrum of ON state CWR dipolar 
resonance. Figure 4.13(b) shows the strong excitation of the LC mode resonance 
of SRR at θS = 0° due to the near field coupling with the CWR. Similarly, Figure 
4.13(c) shows that at 0.663 THz, there is a weaker circulating current distribution 
in the SRR for θS = 4°. Hence, the coupling between the CWR and SRR still exist, 
but is weakened due to mismatch in the resonance frequencies of CWR and SRR 
and also due to the relative difference in the physical position of the CWR and 
suspended SRR microcantilevers.  It is also interesting to note that the transmission 
peak shows an increasing asymmetry as θS increases. This is quite expected, 
because the dipolar resonance of the CWR remains at 0.55 THz for all θS, while the 
blue shift in the SRR LC mode resonant frequency causes the EIT peak to fall at 
the tailing end of the dipolar resonance spectrum. Thus, active tuning of EIT 
resonance frequency can be achieved by controlling the SRR resonance frequency, 
while keeping the CWR resonance unchanged. 
4.3.3 Experimental characterization of IC-MCMM 
The fabricated IC-MCMM is characterized using transmission mode THz-TDS for 
different metamaterial reconfiguration states by appropriately biasing the CWR and 
SRR cantilevers. The incoming THz waves excite the sample at normal incident 
with electric field linearly polarized along the CWR arm. The measured (solid 
curve) as well as simulated (dotted curve) transmission responses for IC-MCMM 




Figure 4.14: Measured and simulated THz transmission response of IC-MCMM in 
(a) CWR-ON/SRR-ON, (b) CWR-OFF/SRR-ON, (c) CWR-ON/SRR-OFF, and (d) 
CWR-OFF/SRR-OFF states. The insets show the OM image of the fabricated IC-
MCMM in the respective states.  
 
The THz transmission response of IC-MCMM in each reconfiguration state 
is explored in the following sub-sections:   
4.3.3.1 Reconfiguration State: CWR-ON/SRR-ON 
In this reconfiguration state, both the CWR and SRR cantilevers are in direct 
contact with the Si substrate and the corresponding THz transmission response is 




Figure 4.15: (a) Simulated transmission spectrum of IC-MCMM in CWR-
ON/SRR-ON state for Ex incidence (black-solid curve), CWR in ON state for Ex 
incidence (green-dot curve) and primary SRR in ON state for Ey incidence (red-
dash curve), respectively. The simulated surface current for (b) CWR-ON at 0.62 
THz, (c) SRR-ON at 0.62 THz, (d) IC-MCMM unit cell at 0.6 THz, respectively.  
 
which is confirmed by the current distribution along the CWR arm, which is along 
the same direction as the incident electric field as shown in Figure 4.15(b). In case 
of SRR, the inductive-capacitive (LC) resonance occurs at 0.62 THz for the Ey 
excitation, seen as the circulating current in Figure 4.15(b). For the MEMS 
metamaterial in CWR-ON/SRR-ON state, there is a strong transmission peak at 0.6 
THz. The surface current distribution for coupled resonator system at 0.6 THz 
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shown in Figure 4.15(d) and indicates that there is a strong circulating current in 
the primary SRRs for Ex incidence. Hence, this indirect excitation of the otherwise 
inaccessible resonance mode of the SRRs is caused due to the near field inductive 
coupling between the bright CWR and dark SRRs. The small spectral shift in the 
transparency peak can be attributed to the additional conductive coupling between 
the two primary SRRs, which are connected to provide the external electrical 
control for the SRRs.  
4.3.3.2 Reconfiguration State: CWR-OFF/SRR-ON 
 
Figure 4.16: (a) Simulated transmission spectrum of IC-MCMM in CWR-
OFF/SRR-ON state for Ex incidence (black-solid curve), CWR in OFF state for Ex 
incidence (green-dot curve) and primary SRR in ON state for Ey incidence (red-
dash curve), respectively. The simulated surface current for MEMS metamaterial 
at (b) 0.64 THz, (c) 0.69 THz and (d) 0.95 THz, respectively.  
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In the CWR-OFF/SRR-ON state, the CWR cantilever is curved up, while 
the SRR cantilevers are in contact with Si substrate. With the increased air gap 
between the cantilevers and Si substrate, the effective capacitance decreases 
causing the resonance frequency of the CWR to blue shift.[132] However, the 
resonance mechanism does not change with the out-of-plane displacement of the 
cantilevers. The OFF state dipolar resonance of CWR is blue shifted to 0.85 THz, 
while the LC mode resonance of primary SRR occurs at 0.62 THz. The small 
transparency peak that appears at 0.65 THz in the transmission response of IC-
MCMM in CWR-OFF/SRR-ON state is shown in Figure 4.16(a), and is caused 
due to the weak excitation of the dark mode resonance through near field coupling 
with CWR. The transparency peak intensity is highly reduced due to the reduced 
resonance strength of OFF state CWR resonance at 0.65 THz. Figure 4.16(a) also 
shows two transmission dips at 0.68 THz and 0.95 THz, which are primarily the 
symmetric and antisymmetric modes of the hybridized bright modes of ON state 
secondary SRR at 0.7 THz and OFF state CWR at 0.85 THz.[148, 153] 
4.3.3.3 Reconfiguration State: CWR-ON/SRR-OFF 
In the CWR-ON/SRR-OFF state, the CWR cantilever is in contact with Si 
substrate, but the SRR cantilevers are curved up in out-of-plane direction and 
transmission response is shown in Figure 4.17(a). For the CWR-ON, the dipolar 
resonance is at 0.62 THz as discussed earlier and has the induced current 
distribution along the CWR arm as shown in Figure 4.17(b). In case of SRR-OFF, 
the LC resonance for Ey excitation is blue shifted to 0.69 THz as shown in Figure 
4.17(c). It is also important to note that the bright mode resonance of secondary 
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SRR occurs at 0.7 THz. Hence for the Ex excitation of IC-MCMM, there will be an 
inductive coupling of the bright mode dipolar resonance of CWR to the dark mode 
resonance of the primary SRR and also a conductive mode coupling between the 
orthogonally twisted bright mode secondary SRR and dark mode primary SRR as 
described in Section 4.2. The circulating current distribution in the primary SRRs 
in IC-MCMM unit cell, shown in Figure 4.17(d), confirms the excitation of dark 
mode LC resonance and there is also visibly strong current in the secondary SRR 
 
Figure 4.17: (a) Simulated transmission spectrum of IC-MCMM in CWR-
ON/SRR-OFF state for Ex incidence (black-solid curve), CWR in ON state for Ex 
incidence (green-dot curve) and primary SRR in OFF state for Ey incidence (red-
dash curve), respectively. The simulated surface current for (b) CWR-ON at 0.62 
THz, (c) SRR-OFF at 0.69 THz, (d) IC-MCMM unit cell at 0.7 THz, respectively.  
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and CWR which comes from the direct excitation of the incident Ex field. The 
asymmetry in Fano-type transparency peak is caused due to the mismatch between 
the resonant frequencies of CWR and primary SRR and this excitation path is much 
stronger than the secondary SRR excitation. 
4.3.3.4 Reconfiguration State: CWR-OFF/SRR-OFF 
 
Figure 4.18: (a) Simulated transmission spectrum of IC-MCMM in CWR-
OFF/SRR-OFF state for Ex incidence (black-solid curve), only CWR-OFF for Ex 
incidence mode (green-dot curve), only SRR-OFF for Ey incidence mode (red-dash 
curve). The simulated surface current for the IC-MCMM at (b) f = 0.7 THz and (c) 
f = 0.82 THz, respectively. 
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In the CWR-OFF/SRR-OFF state, both the CWR and SRR cantilevers are 
suspended and the simulated spectrum is shown in Figure 4.18(a). The dipolar 
resonance of CWR-OFF state is at 0.85 THz, while the primary SRR-OFF state LC 
resonance frequency is at 0.69 THz. Due to the large mismatch between the bright 
mode CWR dipolar resonance and primary SRR LC resonance, these resonators are 
very weakly coupled. Additionally, the excitation of primary SRR in OFF state 
through conductively coupling of OFF state secondary SRR is also very weak. The 
current distribution at the two frequency dips of 0.7 THz shows that there is a strong 
current in the secondary SRR and at 0.82 THz the dipolar resonance of CWR is 
more pronounced as shown in Figure 4.18(b) and (c). Hence, the transmission 
response can be considered as the superposition of the two bright mode 
resonances.[143] 
4.3.4 Slow light characteristics of IC-MCMM 
The active modulation of the transmission properties of the coupled system 
is utilized to demonstrate the dynamic control of the slow light behavior in the 
proposed IC-MCMM. Figure 4.19 shows the experimentally measured group delay 
of the THz pulses propagating through the IC-MCMM samples, which depict the 
degree of slow light behavior in the system. The IC-MCMM shows group delay of 
about 3 ps in CWR-ON/SRR-ON and CWR-ON/SRR-OFF states, while in CWR-
ON/SRR-OFF and CWR-OFF/SRR-OFF states, the delay is ~ 1 ps. DBP is 




Figure 4.19: Measured THz group delay for the IC-MCMM in (a) CWR-ON/SRR-
ON, (b) CWR-OFF/SRR-ON, (c) CWR-ON/SRR-OFF, and (d) CWR-OFF/SRR-
OFF configuration states, respectively. 
 
Table 4.1: Experimentally obtained group delay and delay bandwidth product for 
selectively reconfigurable near-field coupled resonators in IC-MCMM. 




Delay Bandwidth Product 
(DBP) 
CWR-ON/SRR-ON 3.07 0.18 
CWR-OFF/SRR-ON 1.09 0.04 
CWR-ON/SRR-OFF 2.98 0.32 
CWR-OFF/SRR-OFF 1.5 0.28 
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The measured DBP for the sample with CWR-ON/SRR-OFF state has the 
larger value of 0.32 at 0.55 THz, whereas the sample with CWR-OFF/SRR-ON 
state has the smallest value of 0.04 at 0.65 THz. Thus, the proposed IC-MCMM 
allows for active modulation of DBP up to an order of magnitude.   
4.4 Summary 
Active control of slow light behavior in different types of MCMMs are 
explored. The strong coupling in CC-MCMM is active modulated through physical 
reconfiguration of dark mode resonator and almost 50% change in DBP is achieved. 
A cut wire resonator was integrated with CC-MCMM to form the IC-MCMM. 
Independent control of bright and dark mode resonators was realized and this 
allowed for both EIT modulation and EIT spectral tuning in a single metamaterial. 
Fano-type transmission was attained, when dark mode resonator is reconfigured to 
OFF state. The proposed IC-MCMM provides a maximum group delay of ~ 3 ps 
and up to an order of magnitude change in the delay-bandwidth product. These 
miniaturized, electrically controlled metamaterials are ideal for the future THz 
telecommunication networks.  The proposed approach can also be scaled up to 
achieve isolated control of multiple resonators coupled to each other either in 





5. Multifunctional MEMS metamaterials 
5.1 Motivation 
Active control of THz properties in metamaterial has been one of the impactful 
research directions over the past decade. However, active control in THz 
metamaterial until now has been focused on either achieving control over new THz 
functionalities or proposing new tunable mechanisms. In either way, these reported 
metamaterials can only achieve tunability of single THz functionality.  This is due 
to a fact that the active elements that are integrated into every unit cell geometry of 
the metamaterial are controlled simultaneously. In order to achieve active control 
of multiple functionalities using a single metamaterial, the active elements need to 
be isolated at the unit cell level. The enhancement in controllability will open up a 
completely new dimensionality to the active control THz metamaterials designs and 
functionalities. 
Electrically controlled MCMM is an ideal candidate to achieve enhanced 
controllability at the unit cell level.  In this chapter, interpixelated microcantilever 
metamaterial (IP-MCMM) is demonstrated as a proof-of-concept device, that 
enables independent control of magnetic and electrical resonances in a single 
MCMM. This proposed approach is highly versatile and different resonators can be 
integrated with isolated control, so as to achieve multiple functionalities, such 
polarization response switching, bandwidth tunable filters, multicolor tunable 
absorbers, spatial light modulators, etc. 
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5.2 IP-MCMM super cell design 
The schematics of the proposed multifunctional IP-MCMM is shown in 
Figure 5.1(a). Each supercell consists of two sets of SRR and eSRR unit cells 
placed diagonally with respect to each other and are electrically isolated. The SRR 
enables the excitation of fundamental LC resonance that provides the magnetic 
response, when the incident electric field is along the gap bearing side of the 
SRR.[85, 86] The eSRR is formed by placing two SRRs with overlapped gap 
bearing side. The mirror symmetry in the structure along the gap direction enables 
the excitation of electrical LC resonance, when the incident electric field is along 
the gap direction.[135, 136] The geometrical parameter definitions are shown in 
Figure 5.1(b). The SRR has a fixed base length (LFS) = 50 µm, side length (LCS) = 
50 µm, gap bearing tip length (LTS) = 23.5 µm and in-plane split gap (gS) = 3 µm. 
The eSRR unit cell has base length (LFE) = 74 µm, center cantilever length (LCE) = 
30 µm, tip length (LTE) = 17 µm and gap (gE) = 3 µm. 
 
Figure 5.1: (a) Schematic of IP-MCMM with reconfigurable SRR and eSRR unit 
cells placed in interpixelated.  (b) Top view of interpixelated metamolecule and its 
geometrical parameter definition. 
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The SRR part of the super cell enables the excitation of magnetic resonance, 
while the eSRR part provides the electrical resonance for normally incident THz 
wave with its electric field along the SRR and eSRR gap bearing side i.e. Ex 
incidence. The resonances in the SRR and eSRR unit cells can be modelled using 
an equivalent circuit model, with the metallic rings providing the inductive effect, 
while the split gap and out-of-plane gap between released part and Si substrate 
provide the capacitive effect. So, the LC resonance frequency of single SRR is 
given by ωS = (LC)-1/2.[85, 154] The eLC resonance frequency of eSRR is given by 
ωE = (LC/2)-1/2.[135]  For active tuning of LC and eLC resonances, metallic ring 
dimensions can be altered to cause inductive changes or the in-plane split gap or 
out-of-plane gap between metal patterns and Si substrate can be altered to attain 
capacitance change.  Here, the out-of-plane capacitance formed between the 
cantilevers incorporated into SRR and eSRR unit cells are varied with respect to Si 
substrate using electrostatic mechanism to achieve active tuning of magnetic and 
electrical response in the metamaterial, respectively. The release height of the 
cantilever defines the initial gap between the released cantilevers and Si substrate 
and hence its equivalent capacitance. By decreasing the gap, the capacitance is 
increased, thereby correspondingly red-shifting the magnetic and electrical 
resonance frequencies for SRR and eSRR unit cells. The IP-MCMM was fabricated 
using the CMOS compatible process as described in Section 2.3 of the thesis. The 
OM image of fabricated IP-MCMM and the SEM image of the IP-MCMM 





Figure 5.2: (a) OM image of the fabricated IP-MCMM. The gradient of color along 
the SRR and eSRR unit cells confirms the out-of-plane deformation of the released 
cantilevers.  Owing to the longer release length of SRR cantilevers, the out-of-plane 
displacement is higher than the eSRR cantilevers as seen qualitatively from the OM 
image. (b) SEM image of the fabricated meta-molecule. The out-of-plane 
deformation of released cantilevers can as the increasing contrast from the fixed 
part to the tip of released cantilevers. 
 
5.3 Independent reconfiguration of SRR and eSRR cantilevers  
In order to achieve active reconfiguration, selective parts of SRR and eSRR 
unit cells are released and their physical position are controlled through electrostatic 
actuation. In the SRRs, the base arms are permanently fixed to the Si substrate, 
while the ‘L’-shaped structure formed by the side and tip arms are released as 
shown in Figure 5.2(b). In the case of eSRR, the routing lines with outer square 
rings are fixed to the substrate and the center ‘T’-shaped structures are released. 
The released cantilevers are bent upwards after the release step as shown in Figure 
5.2(b). The SRR released cantilever length is approximately 83 µm, while that of 
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eSRR is 39 µm. The corresponding maximum tip displacements (or initial release 
heights) of the SRR and eSRR cantilevers were measured to be hS = 10 µm and hE 
= 4µm, respectively. Based on the length of the released portion and thickness of 
Al and Al2O3 layers, the initial release height can be controlled, accordingly as 
described in Section 2.2.2.   
 
Figure 5.3: Schematics of four possible configuration states for the IP-MCMM - (a) 
S-OFF/E-OFF, (b) S-OFF/E-ON, (c) S-ON/E-OFF, and (d) S-ON/E-ON. 
 
Electrostatic actuation is used to actively reconfigure the SRR and eSRR 
cantilevers by selectively biasing the SRR bondpads and eSRR bondpands with 
respect to Si substrate, respectively. When the applied voltage is higher than the 
pull-in voltage, the cantilevers will be switched to ON state from the initial OFF 
state. To switch the states of the SRR and eSRR cantilevers, 40 V was applied 
across the respective cantilevers and Si substrate, which is higher than the VPI of 
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both SRR and eSRR released cantilevers.  The SRR and eSRR cantilevers can be 
in OFF or ON state independent of each other. The IP-MCMM can therefore be in 
one of the four possible states: S-OFF/E-OFF, S-OFF/E-ON, S-ON/E-OFF and S-
ON/E-ON as schematically shown in Figure 5.3(a) - (d). 
5.4 Excitation of Magnetic and Electrical resonances 
The fabricated IP-MCMM after the release process is in S-OFF/E-OFF state 
and the OM image is shown in the inset of Figure 5.4(a).  Due to the out-of-plane 
deformation, the tips of SRR and eSRR cantilevers in the inset are out of focus with 
respect to the fixed parts of the super cell, which are clearly in-focus. The 
transmission spectrum of the metamaterial in S-OFF/E-OFF state was measured 
and is shown as red-dot line and the simulated transmission spectrum is shown as 
black-solid curve in Figure 5.4(a). There are two distinct resonances at 0.45 THz 
and 0.59 THz.  The simulated transmission spectrum matches quite well with 
measured spectrum of the IP-MCMM in S-OFF/E-OFF reconfiguration state. The 
small mismatch between the simulated and measured spectra can be attributed to 
the variation in the geometrical parameters and the deviation of material properties 
used in simulation from the real case. The surface current distributions at the 
resonances were simulated to determine the resonance modes. Figure 5.4(b) shows 
the simulated surface current at 0.45 THz and the current is induced in the two rings 
of eSRR unit cells and are out-of-phase to each other. Also, there is no obvious 
current induced in the SRR unit cells at 0.45 THz. Hence, the resonance mode at 
0.45 THz should be the electrical LC resonance. While at 0.59 THz, the circulating 
currents are observed in the SRR unit cells and the eSRR unit cells are relatively 
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passive as shown in Figure 5.4(c). Hence, the resonance mode at 0.59 THz should 
be the fundamental LC mode resonance supporting the magnetic response in the 
metamaterial. Hence, the IP-MCMM in S-OFF/E-OFF configuration provides 
electrical resonance at 0.45 THz and magnetic resonance at 0.59 THz supported by 
eSRR and SRR unit cells in their OFF states, respectively.  
 
Figure 5.4: (a) The simulated (black-solid) and measured (red-dot) transmission 
spectrum for the IP-MCMM in S-OFF/E-OFF configuration. The inset shows the 
OM image of the fabricated metamaterial in the corresponding S-OFF/E-OFF 
configuration. (b) Simulated surface current at 0.45 THz shows the excitation in 
eSRR meta-atom, thereby confirms the electrical LC resonance. (c) Simulated 
surface current at 0.59 THz is excited majorly in SRR meta-atom, thereby 
suggesting magnetic LC resonance. 
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5.4.1 Switching of magnetic resonance 
In order to actively control the frequency at which magnetic response 
occurs, the release height of SRR cantilevers (hS) is selectively switched by 
applying a voltage across SRR interconnects and Si substrate (VS = 40 V). While 
the eSRR interconnects and Si substrate is kept in zero potential as the Si substrate 
(VE = 0 V). The metamaterial is now switched to S-ON/E-OFF configuration as  
 
Figure 5.5: (a) The simulated (black-solid) and measured (red-dot) transmission 
spectra for the IP-MCMM in S-ON/E-OFF configuration. The inset shows the OM 
image of the fabricated device in the corresponding S-ON/E-OFF configuration. 
(b) Simulated surface current at 0.35 THz shows the excitation in SRR meta-atom, 
hence confirms the switching of magnetic resonance to 0.35 THz. (c) Simulated 
surface current at 0.45 THz is in eSRR meta-atom, and hence confirms that the 




shown in the inset of Figure 5.5(a). The simulated (black-solid line) and measured 
(red-dot line) transmission spectrum for the IP-MCMM in S-ON/E-OFF 
configuration is shown in Figure 5.5(a). After the SRR cantilevers are snapped 
down to the Si substrate, two resonances occur at 0.35 THz and 0.45 THz. The 
simulated surface current at 0.35 THz shows strong circulating current excited in 
the SRRs as seen from Figure 5.5(b). This ensures that the magnetic resonance is 
switched from 0.59 THz in the SRR OFF state to 0.35 THz in SRR ON state. While 
the antiparallel current configuration is retained in the eSRRs at 0.45 THz and so 
remains unchanged with respect to switching of SRR cantilevers as shown in 
Figure 5.5(c). The magnetic resonant frequency switching range of 0.24 THz is 
measured, corresponding to change of 10-µm release height of SRR cantilevers. 
Hence by controlling the released height of SRR cantilevers, the OFF-state 
magnetic resonance frequency and the switching range can be accordingly 
designed. It is also important to note that the resonance strength is much higher in 
the ON state for the SRR compared to the OFF state, which can be quantitatively 
observed from the current density induced in the SRR rings in OFF and ON states 
as shown in Figure 5.4(c) and (b).  
5.4.2 Switching of electrical resonance 
The electrical resonance is excited in the eSRR part of the super cell and so 
can be actively switched by controlling the release height of the eSRR cantilevers. 
By selectively applying a voltage, VE = 40 V across the eSRR interconnect and Si 




Figure 5.6: (a) The simulated (black-solid) and measured (red-dot) transmission 
spectra for the IP-MCMM in S-OFF/E-ON configuration. The inset shows the OM 
image of the fabricated device in the corresponding S-OFF/E-ON configuration. 
(b) Simulated surface current at 0.37 THz shows the excitation in eSRR meta-atom, 
hence confirms the switching of electrical LC resonance to 0.37 THz. (c) Simulated 
surface current at 0.59 THz is in SRR meta-atom, and hence confirms that the 
magnetic resonance is unaffected with switching of eSRR cantilevers. 
 
SRR cantilevers are kept at same zero potential (VS = 0 V) as Si substrate and so 
the SRR cantilevers remain suspended with air gap between the SRR cantilevers 
and Si substrate.  The current configuration of the metamaterial in S-OFF/E-ON as 
shown in the inset of Figure 5.6(a).  The simulated (black-solid line) and measured 
(red-dot line) transmission spectrum of the IP-MCMM in S-OFF/E-ON 
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configuration are shown in Figure 5.6(a). As the eSRR cantilevers were snapped 
to the Si substrate, the electrical resonance frequency switches from 0.45 THz in E-
OFF state to 0.4 THz for the current E-ON state and is confirmed by the antiparallel 
current configuration in the eSRRs as shown in Figure 5.6(b).  However, the 
magnetic resonance excited in the SRRs remains unchanged at the OFF state 
frequency of 0.59 THz, as confirmed by the simulated circulating current 
configuration as shown in Figure 5.6(c). Thus, the electrical resonance is also 
switched independently from 0.45 THz and 0.4 THz, without affecting the magnetic 
response at 0.59 THz. The switching frequency of electrical resonance is 0.05 THz 
for the out-of-plane deformation of 4 µm for eSRR released cantilevers.    
5.4.3 Simultaneous switching of magnetic and electrical resonances 
The enhanced controllability of the IP-MCMM also enables the simultaneous 
switching of both magnetic and electrical resonances of metamaterial. The SRR and 
eSRR interconnects are both applied with a voltage of 40 V with respect to Si 
substrate. The SRR and eSRR released cantilevers are snapped down and the 
metamaterial is reconfigured to S-ON/E-ON state. The simulated (black-solid line) 
and measured (red-dot line) transmission spectrum of the metamaterial in S-ON/E-
ON is shown in Figure 5.7(a). Figure 5.7(b) shows the OM image of the fabricated 
IP-MCMM in S-ON/E- ON state. It can be seen that the entire super cell is in-focus, 
thus confirming the physical snap down of both SRR and eSRR cantilevers. The 
transmission spectrum shows a single resonance at 0.375 THz. The simulated 
current distribution indicates the excitation of both magnetic and electrical 




Figure 5.7:(a) The simulated (black-solid) and measured (red-dot) transmission 
spectra for the IP-MCMM in S-ON/E-ON configuration. (b) OM image of the IP-
MCMM in S-ON/E-ON configuration. (c) The simulated surface current for S-
ON/E-ON configuration at 0.375 THz. 
 
resonance frequency of the un-interfered SRR (eSRR) unit cells, while the 
alternative unit cells eSRR (SRR) in OFF state was measured to be 0.35 THz (0.4 
THz). When both the unit cells are switched to ON state, the two closely spaced 
SRR and eSRR ON state resonances merge together to provide a single 
superimposed resonance at 0.375 THz.   Hence, in S-ON/E-ON configuration the 
metamaterial has a single band response with simultaneous excitation of both 




Controllable enhancement is explored as a new dimension to achieve advanced 
functionalities in THz metamaterials. Here, SRR and eSRR unit cells placed in 
interpixelated fashion with isolated control allowed for independent control of 
magnetic and electrical resonances of the single metamaterial. Based on the level 
of controllability - complete array, sub-array, row, column, or unit cell, various 
functionalities of the metamaterial can be realized.  In the ultimate form, each of 
the unit cell can be made independently addressable, will enable the 
“Programmable THz metamaterial”.  This programmable metamaterial is highly 
disruptive as a single metamaterial can be dynamically reconfigured to be a tunable 
filter, spatial light modulator, gradient metamaterial or even as random 
metamaterials. The proposed IP-MCMM is the first stepping stone towards the 








6. Conclusions and recommendations for 
future work 
6.1 Conclusions 
The objective of the thesis is to develop a MEMS based technological 
platform for efficient and advanced control of THz waves. Out-of-plane deformable 
microcantilevers are explored as the active element for enabling active 
reconfiguration of metamaterial unit cell geometry. The electromagnetic and 
electromechanical design principles for achieving desired ON and OFF state 
resonant frequencies are elaborated. An array of simple microcantilever structures 
was fabricated using CMOS compatible materials and processes. The switching 
range was measured to be 0.29 THz, which was improved by 40% through Al 
thickness optimization. The microcantilever metamaterial with the maximum 
switching contrast of about 60%, is an ideal candidate for digital metamaterials.  
One of the major limitations of earlier reported MRMs is that the 
metamaterial response is polarization-sensitive and this hindered the realization of 
THz devices for specific applications, such as THz ellipsometry, which desires 
polarization-insensitive characteristics. The simplicity and versatility of 
microcantilevers enabled the demonstration of interesting THz polarimetric 
functionalities. Firstly, polarization insensitive resonance switching was achieved 
in MRMs through novel octagon shaped metamaterial unit cell integrated with out-
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of-plane deformable microcantilevers for active reconfirmation. The proposed 
metamaterial achieved polarization insensitive characteristics for orthogonally 
polarized THz waves at dual resonant modes with switching contrast of 0.2 and 0.8 
for LC mode and dipole mode resonances, respectively. Secondly, complete control 
over linear polarization response i.e. anisotropy was achieved through isolated 
reconfiguration of two cantilevers placed orthogonally with respect to each other. 
The anisotropy switching MCMM can be reconfigured to be responsive either to 
one of the two orthogonal linear polarizations or both the polarizations or none of 
the polarization of THz incidence, on demand. This is critical for THz ellipsometry 
and spectroscopy applications which desires the transmission information with 
selective response to different polarization incidence of THz waves. 
The microcantilever platform was used to study and explore the coupled 
mode systems operating in THz spectral range. The microcantilevers were 
integrated into the dark mode resonator of conductively coupled system and this 
allowed for the active modulation of EIT analogue up to 50% and slow light 
characteristics of 3 ps. Then, the microcantilevers were integrated into an 
inductively coupled system, where the bright and dark mode resonances could be 
reconfigured independently and this allowed for the active modulation as well as 
active spectral tuning of the EIT analogue. Up to an order of magnitude change was 
attained in delay-bandwidth product, which is critical for next generation slow light 
devices operating in THz spectral range.  
The enhancement in controllability has been reported to provide added 
dimensionality to the potential applications of THz metamaterials. Multifunctional 
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metamaterial was experimentally demonstrated by achieving independent control 
of magnetic and electrical resonances in a single metamaterial, which is formed by 
placing SRRs and eSRRs in an interpixelated fashion. This approach can enable 
numerous applications by choosing appropriate resonators and furthermore, the 
control could be further isolated to provide multidimensional functionalities using 
a single THz metamaterials.  
6.2 Recommendations for future works 
The simplicity of design, CMOS compatible process and electrical control 
makes the proposed microcantilever based technological platform as a disruptive 
solution of the realization of numerous THz functionalities as described next.   
6.2.1 Tunable THz stereometamaterials  
The reported microcantilever metamaterial has only a single layer of metal 
in which the resonator structures are formed. However, the metamaterial with 
multiple metal layers can be fabricated and this would form THz 
stereometamaterials that can be tuned along the out-of-plane direction. Multi-metal 
metamaterials that are coupled along the broadside can provide ultrahigh Q devices 
that can be actively controlled through reconfiguration at desired levels.[155] 
Alternatively, the resonators are placed and actuated along the wave propagation 
direction could pave way for the realization of complete phase reversal of THz 
waves in the transmission mode. Hence, tunable THz stereometamaterials will open 
up a whole new research direction that could be readily explored and provide with 
have interesting insights and impactful THz functionalities.  
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6.2.2 Active control of THz absorption 
Metamaterial absorbers are metal-insulator-metal (MIM) structures and 
absorption occurs due to the destructive interference of the wave incident at the top 
metamaterial layer and the reflected wave from the bottom continuous metal.[156]  
Active control of THz absorption can be achieved by fabricating the proposed 
cantilevers over a continuous metal layer and desired thickness of spacer dielectric. 
Active tuning of THz absorption will enable applications, such as spatial light 
modulators,[55, 93] single pixel THz imaging[94, 157] and THz spectroscopy.  
6.2.3 Programmable THz metamaterials  
Recently, digital metamaterials, coding metamaterials, and programmable 
metamaterials have been demonstrated, where the desired reflection profile is 
achieved through coding sequence of meta-bits.[158-162] Varactor diode was used 
as active element to dynamically change the state of the meta-bit operating in GHz 
range.[158] The large size of these diodes, limits the use of this technology from 
the realization of THz programmable metamaterial. However, the proposed 
MCMM structure integrated into MIM structures can enable dynamic switching of 
reflection phase from -̟ to +̟ over a large THz spectral range. [163] More 
importantly, the electrical control of microcantilever reconfiguration allows for 
easier isolation of control signaling at the unit cell level. With this level of control, 
the metamaterial can be programmed to be a tunable filter, spatial modulator, 
gradient metamaterial or even a random metamaterial dynamically.  
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6.3 Contributions  
This thesis has made significant contributions to the field of tunable THz 
metamaterials. These are listed below: 
• Out-of-plane reconfigurable microcantilever with enhanced release height 
through stress engineering in bimaterial structures is proposed as a 
technological platform for efficient manipulation of THz waves.  
• The versatility in design optimization combined with the simple fabrication 
process allows for easier integration of these elements in wide range of unit cell 
geometries for the realization of interesting THz functionalities. 
• Advanced THz polarimetric functionalities inaccessible to in-plane MRMs such 
as isotropic resonance switching of dual resonance and complete switching of 
anisotropy are demonstrated using unique unit cell design that is realizable only 
due to the out-of-plane reconfiguration scheme of the microcantilevers.  
• Independent control of bright and dark mode resonators for active modulation 
of EIT analogue and spectral tuning is experimentally realized for slow light 
THz devices and shows up to an order to magnitude change in DBP.  
• Enhancement in controllability is a new research direction in the field of tunable 
THz metamaterials to enable multifunctional devices using a single MCMM. 
• The proposed MCMM is highly miniaturized, versatile, electrically controlled, 
fabricated using scalable technology, easily integrated with ICs, with enhanced 
performance and hence is a promising technological platform for the realization 
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